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WHAT  THIS  BOOK  IS  FOR 

Students  have  generally  found  thermodynamics  a  difficult 
subject  to  understand  and  learn.  Despite  the  publication  of 
hundreds  of  textbooks  in  this  field,  each  one  intended  to 
provide  an  improvement  over  previous  textbooks,  students 
continue  to  remain  perplexed  as  a  result  of  the  numerous 
conditions  that  must  often  be  remembered  and  correlated  in 
solving  a  problem.  Various  possible  interpretations  of  terms 
used  in  thermodynamics  have  also  contributed  to  much  of  the 
difficulties  experienced  by  students. 

In  a  study  of  the  problem,.  REA  found  the  following  basic 
reasons  underlying  students'  difficulties  with  thermodynamics 
taught  in  schools: 

(a)  No  systematic  rules  of  analysis  have  been  developed 
which  students  may  follow  in  a  step-by-step  manner  to  solve 
the  usual  problems  encountered.  This  results  from  the  fact  that 
the  numerous  different  conditions  and  principles  which  may  be 
involved  in  a  problem,  lead  to  many  possible  different  methods 
of  solution.  To  prescribe  a  set  of  rules  to  be  followed  for  each 
of  the  possible  variations,  would  involve  an  enormous  number  of 
rules  and  steps  to  be  searched  through  by  students,  and  this 
task  would  perhaps  be  more  burdensome  than  solving  the 
problem  directly  with  some  accompanying  trial  and  error  to  find 
the  correct  solution  route. 

(b)  Textbooks  currently  available  will  usually  explain  a 
given  principle  in  a  few  pages  written  by  a  professional  who 
has  an  insight  in  the  subject  matter  that  is  not  shared  by 
students.  The  explanations  are  often  written  in  an  abstract 
manner  which  leaves  the  students  confused  as  to  the  application 
of  the  principle.  The  explanations  given  are  not  sufficiently 
detailed  and  extensive  to  make  the  student  aware  of  the  wide 
range  of  applications  and  different  aspects  of  the  principle 
being  studied.  The  numerous  possible  variations  of  principles 
and  their  applications  are  usually  not  discussed,  and  it  is  left 
for  the  students  to  discover  these  for  themselves  while  doing 
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exercises.  Accordingly,  the  average  student  is  expected  to 
rediscover  that  which  has  been  long  known  and  practiced,  but 
not  published  or  explained  extensively.  « 

(c)  The -examples  usually  following  the  explanation  of  a 
topic  are  too  few  in  number:  and  too  simple  to  enable  the 
student  to  .obtain  a  thorough  grasp  of  the  principles  involved. 
The  explanations  do  not  provide  sufficient  basis  to  enable  a 
student  to  solve  problems  that  may  be  subsequently  assigned 
for  homework  or  given  on  examinations.  *•-  # 

The  examples  ‘  are  presented  in  abbreviated  form  which 
leaves  out  much  material  between  steps,  and  requires  that 
students  i  derive  -  the  omitted  material  themselves.  As  a  result , 
students  find  the  examples  difficult- to  understand--contrary  to 
the  purpose  of  the  examples.  • 

Examples  are,  furthermore,  often  worded  in  a  confusing 
manner.  They  "do  not  state  the  problem  and  then  present  the 
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solution .  Instead ,  they  pass  through  a  general  discussion , 
never'revealing  what  is  to  be  solved  for. 

Examples ,  also ,  do  not  always  include  diagrams  /graphs , 
wherever  appropriate , 1  and  students  do  not  obtain  the  training 
to  draw'  diagrams  or  graphs  to  simplify  and  organize  their 
thinking.  -  ^ 

(d)  Students  can  learn  the  subject  only  by  doing  the 
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exercises  themselves  and  reviewing  them  in  class,  to  obtain 
experience  in  applying  the  principles  with  their  different 
ramifications. 

In  doing  the  exercises  by  themselves,  students  find  that 
they  are  required  to  devote  considerably  more  time  to 
thermodynamics'  than  to  other  subjects  of  comparable  credits, 
because  they  are  uncertain  with  regard  to  the  selection  and 
application  of  the  theorems  and  principles  involved.  It  is  also 
often  necessary  rfor  students  to  discover  those  "tricks”  not 
revealed  in  their  texts  (or  review  books)  ,  that  make  it  possible 
to  solve  problems  easily.  Students  must  usually  resort  to 
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methods  of  trial-and-error  to  discover  these  "tricks",  and  as  a 
result  they  find  that  they  may  sometimes  spend  several  hours  to 
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solve  a  single  problem. 

(e)  When  reviewing  the  exercises  in  classrooms, 
instructors  usually  request  students  to  take  turns  in  writing 
solutions  on  the  boards  and  explaining  them  to  the  class. 
Students  often  find  it  difficult  to  explain  in  a  manner  that  holds 
the  interest  of  the  class,  and  enables  the  remaining  students  to 
follow  the  material  written  on  the  boards.  The  remaining 
students  seated  in  the  class  are,  furthermore,  too  occupied  with 
copying  the  material  from  the  boards,  to  listen  to  the  oral 
explanations  and  concentrate  on  the  methods  of  solution. 

This  book  is  intended  to  aid  students  in  thermodynamics  to 
overcome  the  difficulties  described,  by  supplying  detailed 
illustrations  of  the  solution  methods  which  are  usually  not 
apparent  to  students.  The  solution  methods  are  illustrated  by 
problems  selected  from  those  that  are  most  often  assigned  for 
class  work  and  given  on  examinations.  The  problems  are 
arranged  in  order  of  complexity  to  enable  students  to  learn  and 
understand  a  particular  topic  by  reviewing  the  problems  in 
sequence.  The  problems  are  illustrated  with  detailed  step-by- 
step  explanations,  to  save  the  students  the  large  amount  of  time 
that  is  often  needed  to  fill  in  the  gaps  that  are  usually  found 
between  steps  of  illustrations  in  textbooks  or  review /outline 
books . 

The  staff  of  REA  considers  thermodynamics  a  subject  that 
is  best  learned  by  allowing  students  to  view  the  methods  of 
analysis  and  solution  techniques  themselves.  This  approach  to 
learning  the  subject  matter  is  similar  to  that  practiced  in 
various  scientific  laboratories,  particularly  in  the  medical  fields. 

In  using  this  book,  students  may  review  and  study  the 
illustrated  problems  at  their  own  pace;  they  are  not  limited  to 
the  time  allowed  for  explaining  problems  on  the  board  in  class. 

When  students  want  to  look  up  a  particular  type  of 
problem  and  solution,  they  can  readily  locate  it  in  the  book  by 
referring  to  the  index  which  has  been  extensively  prepared.  It 
is  also  possible  to  locate  a  particular  type  of  problem  by 
glancing  at  just  the  material  within  the  boxed  portions.  To 
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facilitate  rapid  scanning  of  the  problems,  each  problem  has  a 
heavy  border  around  it.  Furthermore,  each  problem  is  identified 
with  a  number  immediately  above  the  problem  at  the  right-hand 
margin . 

To  obtain  maximum  benefit  from  the  book,  students  should 
familiarize  themselves  with  the  section,  "How  To  Use  This 
Book,"  located  in  the  front  pages. 

To  meet  the  objectives  of  this  book,  staff  members  of  REA 
have  selected  problems  usually  encountered  in  assignments  and 
examinations,  and  have  solved  each  problem  meticulously  to 
illustrate  the  steps  which  are  difficult  for  students  to 
comprehend.  Special  gratitude  is  expressed  to  them  for  their 
efforts  in  this  area,  as  well  as  to  the  numerous  contributors 
who  devoted  brief  periods  of  time  to  this  work. 

Gratitude  is  also  expressed  to  the  many  persons  involved 
in  the  difficult  task  of  typing  the  manuscript  with  its  endless 
changes,  and  to  the  REA  art  staff  who  prepared  the  numerous 
detailed  illustrations  together  with  the  layout  and  physical 
features  of  the  book. 

The  difficult  task  of  coordinating  the  efforts  of  all  persons 
was  carried  out  by  Carl  Fuchs.  His  conscientious  work  deserves 
much  appreciation.  He  also  trained  and  supervised  art  and 
production  personnel  in  the  preparation  of  the  book  for 
printing. 

Finally,  special  thanks  are  due  to  Helen  Kaufmann  for  her 
unique  talents  to  render  those  difficult  border-line  decisions 
and  constructive  suggestions  related  to  the  design  and 
organization  of  the  book. 


Max  Fogiel,  Ph.D. 
Program  Director 
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HOW  TO  USE  THIS  BOOK 


This  book  can  be  an  invaluable  aid  to  students  in 
thermodynamics  as  a  supplement  to  their  textbooks.  The  book  is 
subdivided  into  14  chapters,  each  dealing  with  a  separate  topic. 
The  subject  matter  is  developed  beginning  with  work  and  heat, 
ideal  gas  processes,  entropy  and  second  law,  irreversibility  and 
availability,  equations  of  state  and  extends  through  vapor 
power  and  refrigeration  cycles,  mixtures  and  solutions,  chemical 
reactions  and  equilibrium.  Also  included  are  problems  in  flow 
through  nozzles  and  blade  passages,  heat  transfer  and 
statistical  thermodynamics.  An  extensive  number  of  applications 
have  been  included,  since  these  appear  to  be  more  troublesome 
to  students. 


TO  LEARN  AND  UNDERSTAND 
A  TOPIC  THOROUGHLY 

1.  Refer  to  your  class  text  and  read  the  section  pertaining 
to  the  topic.  You  should  become  acquainted  with  the  principles 
discussed  there.  These  principles,  however,  may  not  be  clear 
to  you  at  that  time. 

2.  Then  locate  the  topic  you  are  looking  for  by  referring 
to  the  "Table  of  Contents"  in  front  of  this  book,  "The 
Thermodynamics  Problem  Solver." 

3.  Turn  to  the  page  where  the  topic  begins  and  review  the 
problems  under  each  topic,  in  the  order  given.  For  each  topic, 
the  problems  are  arranged  in  order  of  complexity,  from  the 
simplest  to  the  more  difficult .  Some  problems  may  appear  similar 
to  others,  but  each  problem  has  been  selected  to  illustrate  a 
different  point  or  solution  method. 

To  learn  and  understand  a  topic  thoroughly  and  retain  its 
contents,  it  will  be  generally  necessary  for  students  to  review 
the  problems  several  times.  Repeated  review  is  essential  in 
order  to  gain  experience  in  recognizing  the  principles  that 
should  be  applied,  and  in  selecting  the  best  solution  technique. 
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TO  FIND  A  PARTICULAR  PROBLEM 


To  locate  one  or  more  problems  related  to  a  particular 
subject  matter,  refer  to  the  index.  In  using  the  index,  be 
certain  to  note  that  the  numbers  given  there  refer  to  problem 
numbers,  not  page  numbers.  This  arrangement  of  the  index  is 
intended  to  facilitate  finding  a  problem  more  rapidily,  since  two 
or  more  problems  may  appear  on  a  page. 

If  a  particular  type  of  problem  cannot  be  found  readily,  it 
is  recommended  that  the  student  refer  to  the  "  Table  of 
Contents”  in  the  front  pages,  and  then  turn  to  the  chapter 
which  is  applicable  to  the  problem  being  sought.  By  scanning 
or  glancing  at  the  material  that  is  boxed,  it  will  generally  be 
possible  to  find  problems  related  to  the  one  being  sought, 
without  consuming  considerable  time.  After  the  problems  have 
been  located,  the  solutions  can  be  reviewed  and  studied  in 
detail.  For  this  purpose  of  locating  problems  rapidly,  students 
should  acquaint  themselves  with  the  organization  of  the  book  as 
found  in  the  "Table  of  Contents" . 

In  preparing  for  an  exam,  it  is  useful  to  find  the  topics  to 
be  covered  in  the  exam  from  the  "Table  of  Contents,"  and  then 
review  the  problems  under  those  topics  several  times.  This 
should  equip  the  student  with  what  might  be  needed  for  the 
exam . 
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UNITS  CONVERSION  FACTORS 


This  section  includes  a  particularly  useful  and  comprehensive  table 
to  aid  students  and  teachers  in  converting  between  systems  of  units. 

The  problems  and  their  solutions  in  this  book  use  SI  (International 
System)  as  well  as  English  units.  Both  of  these  units  are  in  extensive 
use  throughout  the  world,  and  therefore  students  should  develop  a  good 
facility  to  work  with  both  sets  of  units  until  a  single  standard  of  units 
has  been  found  acceptable  internationally. 

In  working  out  or  solving  a  problem  in  one  system  of  units  or  the 
other,  essentially  only  the  numbers  change.  Also,  the  conversion  from 
one  unit  system  to  another  is  easily  achieved  through  the  use  of  con¬ 
version  factors  that  are  given  in  the  subsequent  table.  Accordingly,  the 
units  are  one  of  the  least  important  aspects  of  a  problem.  For  these 
reasons,  a  student  should  not  be  concerned  mainly  with  which  units 
are  used  in  any  particular  problem.  Instead,  a  student  should  obtain 
from  that  problem  and  its  solution  an  understanding  of  the  underlying 
principles  and  solution  techniques  that  are  illustrated  there. 


To  convert 

To 

Multiply  by 

For  the  reverse, 
multiply  by 

acres  . 

square  feet . 

4.356  x  104 

2.296  x  10-5 

acres  . 

square  meters . 

4047 

2.471  xIO-4 

ampere-hours . 

coulombs . 

3600 

2.778  x  10-4 

ampere-turns . 

gilberts . 

1.257 

0.7958 

ampere-turns  per  cm. .. 

ampere-turns  per  inch . 

2.54 

0.3937 

angstrom  units . 

inches  . 

3.937  x  10-9 

2.54  x  10® 

angstrom  units . 

meters . 

10-i° 

1010 

atmospheres . 

feet  of  water . 

33.90 

0.02950 

atmospheres . 

inch  of  mercury  at  0°C . 

29.92 

3.342  x  1  O'2 

atmospheres . 

kilogram  per  square  meter . 

1.033  x  104 

9.678  x  10-s 

atmospheres . 

millimeter  of  mercury  at  0°C .... 

760 

1.316  x  10-3 

atmospheres . 

pascals . 

1.0133  xIO5 

0.9869  xIO'5 

atmospheres . 

pounds  per  square  inch . 

14.70 

0.06804 

bars . 

atmospheres . 

9.870  xIO-7 

1.0133 

bars . 

dynes  per  square  cm . 

106 

io-6 

bars . 

pascals . 

105 

10-5 

bars . 

pounds  per  square  inch . 

14.504 

6.8947  x  10‘2 

Btu . 

ergs . 

1.0548  xIO10 

9.486  x  IO'11 

Btu . 

foot-pounds . 

778.3 

1.285  x  IO’3 

Btu . 

joules . 

1054.8 

9.480  xIO-4 

Btu . 

kilogram-calories . 

0.252 

3.969 

calories,  gram . 

Btu . 

3.968  xIO"3 

252 

calories,  gram . 

foot-pounds . 

3.087 

0.324 

calories,  gram . 

joules . 

4.185 

0.2389 

Celsius . 

Fahrenheit . 

(°C  x  9/5)  +  32  =  °F 

<°F  -  32)  x  5/9  =  °C 
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To  convert 

To 

Multiply 

For  the  reverse, 
multiply  by 

Celsius . 

kelvin . 

°C  +  273.1  =K 

K  -  273.1  =  °C 

centimeters . 

angstrom  units . 

1  X  108 

1  xIO'8 

centimeters . 

feet . 

0.03281 

30.479 

centistokes . 

square  meters  per  second . 

1  x  10-6 

1  X  106 

circular  mils . 

square  centimeters . 

5.067  xIO-6 

1.973  xIO5 

circular  mils . 

square  mils . 

0.7854 

1.273 

cubic  teet . 

gallons  (liquid  U.S.) . 

7.481 

0.1337 

cubic  feet . 

liters . 

28.32 

3.531  x  IO*2 

cubic  inches . 

cubic  centimeters . 

16.39 

6.102x10-2 

cubic  inches . 

cubic  feet . 

5.787  x  IO-4 

1728 

cubic  inches . 

cubic  meters . 

1.639  xIO"5 

6.102  xIO4 

cubic  inches . 

gallons  (liquid  U.S.) . 

4.329  xIO"3 

231 

cubic  meters . 

cubic  feet . 

35.31 

2.832  x  10-2 

cubic  meters . 

cubic  yards . 

1.308 

0.7646 

curies  . 

coulombs  per  minute . 

1.1  xIO12 

0.91  x  IO"12 

cycles  per  second . 

hertz . 

1 

1 

degrees  (angle) . 

mils . 

17.45 

5.73  x  IO"2 

degrees  (angle) . 

radians . 

1.745  x  10-2 

57.3 

dynes  . 

pounds . 

2.248  x  1 0'6 

4.448  x  10s 

electron  volts . 

joules . 

1.602  x  10-19 

0.624  xIO18 

ergs . 

foot-pounds . 

7.376  x  1 0'8 

1.356  xIO7 

ergs . 

joules . 

io-7 

107 

ergs  per  second . 

watts . 

io-7 

107 

ergs  per  square  cm . 

watts  per  square  cm . 

io-3 

103 

Fahrenheit . 

kelvin . 

(°F  +  459.67)/1 .8 

1.8K- 459.67 

Fahrenheit . 

Rankine . 

°F  +  459.67  =  °R 

°R  -  459.67  =  °F 

faradays  . 

ampere-hours . 

26.8 

3.731  x  IO'2 

feet . 

centimeters . 

30.48 

3.281  xIO-2 

feet . 

meters . 

0.3048 

3.281 

feet . 

mils . 

1.2  xIO4 

8.333  x  IO*5 

fermis . 

meters . 

io-15 

1015 

foot  candles . 

lux . 

10.764 

0.0929 

foot  lamberts . 

.  candelas  per  square  meter . 

3.4263 

0.2918 

foot-pounds . 

gram-centimeters . 

1.383  xIO4 

1.235  xIO-5 

foot-pounds . 

horsepower-hours . 

5.05  xIO'7 

1.98  xIO6 

foot-pounds . 

kilogram-meters . 

0.1383 

7.233 

foot-pounds . 

kilowatt-hours . 

3.766  xIO'7 

2.655  xIO6 

foot-pounds . 

ounce-inches . 

192 

5.208x  10-3 

gallons  (liquid  U.S.) . 

cubic  meters . 

3.785x  10-3 

264.2 

gallons  (liquid  U.S.) . 

gallons  (liquid  British  Imperial) 

0.8327 

1.201 

gammas . 

teslas . 

io-9 

109 

gausses . 

lines  per  square  cm . 

1.0 

1.0 

gausses . 

lines  per  square  inch . 

6.452 

0.155 

gausses . 

teslas . 

io-4 

104 

gausses . 

webers  per  square  inch . 

6.452x  10-8 

1.55  xIO7 

gilberts . 

amperes . 

0.7958 

1.257 

grads . 

radians . 

1.571  xIO-2 

63.65 

grains . 

grams . 

0.06480 

15.432 

grains . 

pounds . 

i/ 

'7000 

7000 

grams . 

dynes  . 

980.7 

1.02  x  IO"3 

grams . 

grains . 

15.43 

6.481  xIO-2 

XIV 


To  convert 

To 

Multiply 

For  the  reverse, 
multiply  by 

grams . 

ounces  (avdp) . 

3.527  x  10-2 

28.35 

grams . 

poundals . 

7.093x  10-2 

14.1 

hectares  . 

acres  . 

2.471 

0.4047 

horsepower . 

Btu  per  minute . 

42.418 

2.357  x  10-2 

horsepower . 

foot-pounds  per  minute . 

3.3  xIO4 

3.03  xIO'5 

horsepower . 

foot-pounds  per  second . 

550 

1.182x10-3 

horsepower . 

horsepower  (metric) . 

1.014 

0.9863 

horsepower . 

kilowatts . 

0.746 

1.341 

inches  . 

centimeters . 

2.54 

0.3937 

inches  . 

feet . 

8.333  x  10-2 

12 

inches  . 

meters . 

2.54  x  10-2 

39.37 

inches  . 

miles . 

1.578  xIO-5 

6.336  xIO4 

inches  . 

mils . 

103 

10-3 

inches  . 

yards . 

2.778  x  10-2 

36 

joules . 

foot-pounds . 

0.7376 

1.356 

joules . 

watt-hours . 

2.778  x  10-4 

3600 

kilograms . 

tons  (long) . 

9.842  x  10-4 

1016 

kilograms . 

tons  (short) . 

1.102  x  10-3 

907.2 

kilograms . 

pounds (avdp) . 

2.205 

0.4536 

kilometers . 

feet . 

3281 

3.408  xIO-4 

kilometers . 

inches  . 

3.937  x  104 

2.54  x  10-5 

kilometers  per  hour . 

feet  per  minute . 

54.68 

1.829  x  10-2 

kilowatt-hours . 

Btu . 

3413 

2.93  x  10-4 

kilowatt-hours . 

foot-pounds . 

2.655  x  106 

3.766  x  10-7 

kilowatt-hours . 

horsepower-hours . 

1.341 

0.7457 

kilowatt-hours . 

joules . 

3.6  x  106 

2.778  x  10-7 

knots . 

feet  per  second . 

1.688 

0.5925 

knots . 

miles  per  hour . 

1.1508 

0.869 

lamberts . 

candles  per  square  cm . 

0.3183 

3.142 

lamberts . 

candles  per  square  inch . 

2.054 

0.4869 

liters . 

cubic  centimeters . 

103 

10-3 

liters . 

cubic  inches . 

61.02 

1.639  x  10-2 

liters . 

gallons  (liquid  U.S.) . 

0.2642 

3.785 

liters . 

pints  (liquid  U.S.) . 

2.113 

0.4732 

lumens  per  square  foot 

foot-candies . 

1 

1 

lumens  per  square  meter 

foot-candles . 

0.0929 

10.764 

lux . 

foot-candles . 

0.0929 

10.764 

maxwells . 

kilolines . 

10-3 

103 

maxwells . 

webers . 

10-8 

10a 

meters . 

feet . 

3.28 

30.48x  10-2 

meters . 

inches  . 

39.37 

2.54x10-2 

meters . 

miles . 

6.214  x  10-4 

1609.35 

meters . 

yards . 

1.094 

0.9144 

miles  (nautical) . 

feet . 

6076.1 

1.646  xIO-4 

miles  (nautical) . 

meters . 

1852 

5.4  xIO-4 

miles  (statute) . 

feet . 

5280 

1.894  xIO-4 

miles  (statute) . 

!  kilometers . 

1.609 

0.6214 

miles  (statute) . 

miles  (nautical) . 

0.869 

1.1508 

miles  per  hour . 

i  feet  per  second . 

1.467 

0.6818 

miles  per  hour . 

:  knots . 

0.8684 

1  152 

millimeters . 

1  microns . 

103 

10-3 

XV 


To  convert 

To 

Multiply 

For  the  reverse, 
multiply  by 

mils . 

meters . 

2.54  xIO"5 

3.94  xIO4 

mils . 

minutes . 

3.438 

0.2909 

minutes  (angle) . 

degrees  . 

1.666  x  1(H 

60 

minutes  (angle) . 

radians . 

2.909  x  10-4 

3484 

newtons . 

dynes  . 

105 

10'5 

newtons  . 

kilograms . 

0.1020 

9.807 

newtons  per  sq.  meter . 

pascals . 

1 

1 

newtons . 

pounds  (avdp) . 

0.2248 

4.448 

oersteds . 

amperes  per  meter . 

7.9577  x  10 

1.257  x  10-2 

ounces  (fluid) . 

quarts . 

3.125  x  IO"2 

32 

ounces  (avdp) . 

pounds . 

6.25  xIO’2 

16 

pints  . 

quarts  (liquid  U.S.) . 

0.50 

2 

poundals . 

dynes  . 

1.383  x  104 

7.233  xIO-5 

poundals . 

pounds  (avdp) . 

3.108x10-2 

32.17 

pounds . 

grams . 

453.6 

2.205  x  IO'3 

pounds  (force) . 

newtons . 

4.4482 

0.2288 

pounds  per  square  inch 

dynes  per  square  cm . 

6.8946  x  104 

1.450  x  10-® 

pounds  per  square  inch 

pascals . 

6.895  x  103 

1.45  xIO4 

quarts  (U.S.  liquid) . 

cubic  centimeters . 

946.4 

1.057  x  IO'3 

radians  . 

mils . 

103 

io-3 

radians . 

minutes  of  arc . 

3.438  xIO3 

2.909  xIO4 

radians . 

seconds  of  arc . 

2.06265  x  105 

4.848  x  IO'6 

revolutions  per  minute . 

radians  per  second . 

0.1047 

9.549 

roentgens . 

coulombs  per  kilogram . 

2.58  x  10-4 

3.876  x  103 

slugs . 

kilograms . 

1.459 

0.6854 

slugs . 

pounds  (avdp) . 

32.174 

3.108x10-2 

square  feet . 

square  centimeters . 

929.034 

1.076  xIO-3 

square  feet . 

square  inches . 

144 

6.944  x  1  O'3 

square  feet . 

square  miles . 

3.587  x  10-8 

27.88  x  10® 

square  inches . 

square  centimeters . 

6.452 

0.155 

square  kilometers . 

square  miles . 

0.3861 

2.59 

stokes . 

square  meter  per  second . 

io-4 

io-4 

tons  (metric) . 

kilograms . 

103 

io-3 

tons  (short) . 

pounds . 

2000 

o 

X 

in 

torrs . 

newtons  per  square  meter . 

133.32 

7.5x10-3 

watts . 

Btu  per  hour . 

3.413 

0.293 

watts . 

foot-pounds  per  minute . 

44.26 

2.26x10-2 

watts . 

horsepower . 

1.341  x  10"3 

746 

watt-seconds . 

joules . 

1 

1 

webers . 

maxwells . 

108 

io-® 

webers  per  square  meter 

gausses . 

104 

io-4 
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THERMODYNAMIC  PROPERTIES 
AND  STATE  OF  PURE  SUBSTANCES 

*  '  'si.  .  Jr  A  '•  r  *•  *  4>  '  "  1  «A  t  : 

*  ■  '  '  "TU  -  *■  |l-  ’•  "<f, 

Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  1  to 
32  for  step-by-step  solutions  to  problems. 


Thermodynamics  describes  the  transformation  of  energy  of  all  types  from 
one  form  to  another.  The  first  and  second  laws  of  thermodynamics  govern  these 
changes,  and  thermodynamic  properties,  such  as  internal  energy,  enthalpy,  and 
entropy,  are  variables  in  these  laws.  However,  these  properties  cannot  be  mea¬ 
sured  directly.  They  must  be  determined  from  the  pressure,  temperature, .  and 
specific  volume  behavior  of  a  fluid.  The  relation  between  these  three  quantities  — 
pressure,  temperature,  and  volume  — is  called  the  equation  state  for  the  fluid,  t  , 

The  simplest  equation  of  state  is  for  an  ideal  gas,  and  this  is  given  by  Eq.  (1): 

fv  PV=mRT/Mw  I-  (1) 

;> 

In  this  equation  V  is  the  volume  occupied  by  the  gas  at  absolute  pressure  P  and 
absolute  temperature  T.  The  mass  and  molecular  weight  of  the  gas  are  m  and  MW) 
respectively.  R  is  the  universal  gas  constant  and  has  the  following  values:  8.314 
m3  Pa  mol-1  K-1  and  0.7302  ft3  atms  lb-mole-1  R~l  in  SI  and  English  units.  This 
equation  is  a  good  approximation  for  the  behavior  of  real  gases  near  and  below 
atmospheric  pressure*  "  ’  v  ,;i  ‘  ii4*1  *  . 

i.  1  ■  ‘  ■  |r  t  ,  K'  ‘  «  1  l.  .  ■=' 

In  the  ideal  gas  law,  Eq.  (1),  absolute  pressure,  P,  is  required.  Absolute  pres¬ 
sure  is  defined  as  the  normal  component  of -force  exerted  by  the  fluid  per  unit 
area  acting  on  a  surface  in  the  system,  and  it  has  SI  units  of  Newtons  per  square 
meter  ( N/m 2)  or  Pascals  (Pa).  Most  instruments  measure  pressure  relative  to  local 
atmospheric  pressure,  i.e.,  they  give  readings  in  gauge  pressure.  Consequently, 
the  local  atmospheric  pressure  must  be  added  to  the  gauge  pressure  to  convert  it 
to  absolute  pressure  for  use  in  Eq.  (1). 

In  Eq.  (1),  temperature  on  the  absolute  scale  is  required,  and  in  SI  the  Kelvin 
absolute  temperature  scale  is  used.  This  linear  scale  is  based  on  the  properties  of 

*"  *  jl  <jr- 

an  ideal  gas  where  a  value  of  273.16  K  is  assigned  to  the  temperature  for  the 
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triple  point  of  water.  Zero  on  this  scale  is  derived  from  the  thermal  efficiency  of  a 
Carnot  engine,  r\  ~  1  -  (TC/TH),  where  TH  and  Tc  are  the  temperatures  of  the  hot 
and  cold  reservoirs,  respectively.  The  thermal  efficiency  approaches  unity  when 
the  temperature  of  the  cold  reservoir  approaches  zero  (absolute  zero  on  the  Kelvin 
scale). 


One  of  two  temperature  scales  measured  i  with  thermometers  and  other  tem- 
perature  measuring  devices  is  the  Celsius  scale,  and  absolute  zero  on  this  scale  is^ 
-273.15°C.  Thus,  temperatures  •  in  Celsius  are  converted  to  Kelvin  by  adding 
273.15.  The  other  scale  used  with  thermometers  is  the  Fahrenheit  scale,  and 
absolute  zero  on  this  scale  is  — 459.67°F.  The  Rankine  absolute  temperature  scale 
can  be  used  in  the  ideal  gas  law  also,  and  temperatures  in' Fahrenheit  are  con¬ 
verted  to  Rankine  by  adding  459.67.  Conversions  between  Celsius  and  Fahren¬ 
heit  scales  are  based  on  the  boiling  and  freezing  points  of  water:  100°  and  0°  in 
Celsius,  and  212°  and  32°  in  Fahrenheit.  Thus,  the  range  between  these  two 
reference  points  is  ,100°C  and  180°F,  which  is. used  to  develop  the  following, 
equations  to  convert  between  the  two  scales: 

^  f(°F)  =  V5  T(°C)  +  32  (i>  T(°C)  =  s/9  [T(°F)  -32]  , .  (2) 

v  If  the  pressure  and  temperature  are  specified  along  with  the  mass  of  the  gas 
and  its  molecular  weight,  then  the  volume,  V,  occupied  by  this  gas  can  be  com¬ 
puted  by  Eq.  (1).  However,  many  times  the  density  of  a  gas  is  required,  and  the 
density  is  defined  as  the  mass  per  unit  volume,  i.e.,  p  =  m/V.  Consequently,  Eq.  (1) 
can  be  rearranged  to  compute  the  density  of  a  gas  knowing  the  temperature  and 
pressure  by  the  following  equation: 

I  Jl  V  > 


rn  _  PMW 
V~  RT 


‘  (3) 


Some  books  provide  tabulations  of  the  universal  gas  constant  divided  by  the 
molecular  weight,  i.e.,  Rt  =  R/Mwi.  For  this  case,  Eq.  (1)  can  be  written  as: 

PV  -  mR{T  ■  *  *  *  (4) 

.  ,  »  :  ■  .jjj,  '  a  V  ‘  .  - 

Also,  the  ideal  gas  law  is  written  in  terms  of  the  number  of  moles  of  the  gas, 
n,  rather  than  the  mass,  m.  The  number  of  moles  of  the  gas  is  the  mass,  m ,  divided 
by  the  molecular  weight,  Mw.  For  this  case,  Eq.  (1)  has  the  form: 

?  '  PV  =  nRT  ,  (5) 

•  -1  '•*  "  "  ■"  ‘  -  «  ’  : 

An  extension  of.  this  ideal  gas  law  for  application  to  real  gases  at  high 

pressures  is  given  by:  a 

PV  =  zmRT(Mw  '  - 

The  added  variable  z  is  called  the  compressibility  factor.  It  is  determined  from 
correlations  based  on  the  reduced  temperature  and  pressure.  The  reduced  tem¬ 
perature  and  pressure  are  the  temperature  and  pressure  of  the  gas  divided  by  the 
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critical  temperature  and  pressure.  Values  of  z  range  from  about  0.5  to  1.1. 

Internal  energy,  U,  is  the  energy  associated  with  molecular  motion  that  a 
substance  possesses.  For  a  closed  system  the  change  in  internal  energy,  AU,  is  de¬ 
fined  by  the  first  law  of  thermodynamics  as  the  difference  between  the  heat 
added  to  the  system  Q  and  the  work  done  by  the  system  W,  i.e.,  ,  < 

fli  A U-Q-W  ■  f  '  '  (7> 

The  first  law  of  thermodynamics,  Eq.  (7),  gives  the  difference  in  internal 
energy;  a  reference  point  can  be  selected  where  the  internal  energy  is  assigned  a 
value  of  zero  for  the  purpose  of  tabulating  values  at  other  temperatures  and 
pressures  for  use  in  computations,  e.g.;  steam  tables.  Also,  the  use  of  a  reference 
point  is  especially  valuable  for  standard  heats  of  chemical  reactions.  This  refer¬ 
ence  point  is  called  the  standard  reference  state.  Historically,  the  standard  ref¬ 
erence  state  for  pressure  has  been  the  standard  atmosphere  (101.325  kPa),  and  the 
standard  reference  state  temperatures  have  been  273  K  (0°C)  and  298.15  K 
(25°C).  For  example,  in  the  ASME  Steam  Tables,  internal  energy  and  entropy  are 
defined  as  zero  for  saturated  liquid  water  at  273  K  and  0.611  kPa.  This  pressure 
is  the  vapor  pressure  of  water  at  273  K.  Also,  at  this  temperature  and  pressure, 
ice,  liquid  water,  and  water  vapor  coexist  in  equilibrium:  the  triple  point.  In 
summary,  values  of  thermodynamic  functions  must  have  the  same  standard  refer¬ 
ence  state  when  used  in  computations.  ^  <  ijj- 

Enthalpy,  H,  is  a  thermodynamic  function  which  is  widely  used  because  it  is 
the  key  thermodynamic  property  in  the  first  law  of  thermodynamics  for  steady 
state  flow  processes.  It  is  defined  by  the  following  equation: 

H  =  U  +  PV  (8) 

;;  t  *  <  :*■  t  t 

In  this  equation,  U  is  the  internal  energy,  P  is  the  absolute  pressure,  and  V  is  the 
volume  occupied  by  the  mass  of  the  system.  Enthalpy  is  a  state  function  like  U,  P, 
and  V,  i.e.,  they  are  independent  of  the  past  history  of  a  substance  or  the  path 
followed  in  reaching  a  given  state.  Consequently,  the  change  in  enthalpy,  A H,  can 
be  obtained  by  a  differential  or  finite  change  using  Eq.  (8).  For  a  finite  change 
this  is: 

A//  =  AU  +  A(PV)  :  *  (9) 

The  first  law  of  thermodynamics  for  a  steady -state  flow  process  is: 

2  1 
k  AU+^~+gAz  +  A(PV)  =  Q-Ws  (10) 

The  first  three  terms  on  the  left  side  are  the  changes  in  internal,  kinetic,  and 
potential  energy  per  unit  mass  for  the  process,  and  the  fourth  term  is  reversible 
pressure-volume  work  per  unit  mass.  On  the  right  side  is  the  heat  added  to  the 
process,  Q,  and  the  shaft  work  done  by  the  process  per  unit  mass,  Ws.  Frequently, 
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changes  in  kinetic  and  potential  energy  are  small  compared  to  AU  and  A(PV),  and 
they  can  be  deleted  from  the  equation.  Then,  using  the  definition  of  AH  from  Eq. 
(9),  the  first  law  of  thermodynamics  for  a  steady-state  flow  system  becomes: 

AH  =  Q-WS  (11) 

This  is  analogous  to  Eq.  (7)  for  a  closed  system  (nonflow  process),  and  here  the 
enthalpy,  H,  rather  than  the  internal  energy,  U,  is  the  key  thermodynamic  func¬ 
tion. 

A  difference  in  enthalpy,  AH,  is  given  by  Eq.  (11),  and  a  reference  point  can 
be  selected  where  the  enthalpy  is  assigned  a  value  of  zero  for  the  purpose  of 
tabulating  values  at  other  temperatures  and  pressures  for  use  in  computations, 
e.g.,  steam  tables.  Values  computed  for  enthalpy  with  Eq.  (8)  are  based  on  the 
same  standard  reference  state  specified  for  the  internal  energy  U,  pressure  P,  and 
volume  V. 

Entropy,  S,  is  a  thermodynamic  function  which  is  used  to  determine  the 
thermal  efficiency  of  engines  and  cycles  and  is  defined  in  terms  of  a  system 
undergoing  a  reversible  process: 

&S=SdQ,JT  (12) 

dQrev  *s  a  differential  amount  of  heat  being  reversibly  received  or  rejected  at 
reservoir  temperature,  T,  by  a  reversible  heat  engine.  If  the  reservoir  temperature 
is  a  constant,  then: 

AS  =  ^  (13) 


If  the  body  changes  temperature  as  a  result  of  exchanging  heat,  then  for  a 
reversible,  constant  pressure  process,  dQrev  -  CpdT,  and  Eq.  (13)  gives: 

ASp  =  Cp\n{T2ITx)  (14) 

Likewise,  for  a  reversible  constant  volume  heat  exchange  dQrev  =  C^dT: 

ASV  -  Cv  \n(T2/T{)  (15) 

For  a  reversible  phase  change,  the  two  phases  are  in  equilibrium,  and  Qrev  = 
AH,  the  enthalpy  difference  for  the  phase  change:  solid  to  liquid,  liquid  to  vapor, 
or  solid  to  vapor: 


(16) 


For  an  ideal  gas  with  reversible  changes  in  both  temperature  and  pressure, 
the  equation  is: 

AS  =  Cp  ln(T2/7’1)  -  R  In {P2IPX)  (17) 

Differences  in  entropy  are  given  by  the  above  equations,  and  a  reference 


1  -  D 


point  can  be  selected  where  entropy  is  assigned  a  zero  value  for  the  purpose  of 
tabulating  values  at  other  temperatures  and  pressures.  These  Values  are  based  on 
the  standard  reference  states  selected  for  the  internal  energy,  pressure,  and  vol¬ 
ume. 

In  performing  evaluations  of  systems  and  cycles  with  steam,  a  convenient 
variable  is  the  quality  of  steam,  x.  It  is  defined  as  the  ratio  of  the  mass  of  steam  to 
total  mass  of  steam  and  water  in  a  mixture,  i.e., 

x  =  mv/mt  (18) 

where  mt  =  mv  +  mx.  It  is  frequently  used  to  compute  thermodynamic  properties 
of  two-phase  mixtures  of  steam  and  water: 

—  0V**  ^l0_ *0  v  (19) 

In  this  equation,  0  can  be  specific  volume,  internal  energy,  enthalpy,  or  entropy. 

In  summary,  this  discussion  has  introduced  the  concepts  of  absolute  tempera¬ 
ture  and  pressure,  and  their  use  in  the  ideal  gas  law  to  predict  temperature, 
pressure,  and  volume  behavior  of  a  fluid.  Ideal  and  real  gas  equations  of  state 
were  described  for  the  computation  of  gas  density  and  other  variables.  The  im¬ 
portant  thermodynamic  properties  of  internal  energy,  enthalpy,  and  entropy  were 
defined  and  related  to  standard  states.  Standard  states  are  required  to  prepare  and 
use  tables  of  thermodynamic  properties. 
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Step-by-Step  Solutions  to 
Problems  in  this  Chapter, 
“Thermodynamic  Properties  and 
State  of  Pure  Substances” 


PRESSURE  AND  TEMPERATURE 


•  PROBLEM  1-1 


Calculate  the  absolute  pressure  for  a  system,  given  a  gauge 
pressure  of  1.5  MPa  and  a  barometric  pressure  (atmospheric 
pressure)  of  104  kPa. 


Solution:  The  thermodynamic  pressure  P  is  defined  as  the 

total  normal  force  per  unit  area  exerted  by  the  system  on 
its  boundary.  It  is  also  called  the  absolute  pressure.  The 
pressure  of  a  system  is  usually  measured  with  a  gauge  by 
using  the  atmospheric  pressure  as  the  reference  point.  The 
absolute  pressure  is  related  to  the  gauge  pressure  in  the 
following  manner: 


absolute  pressure  =  atmospheric  pressure  + 
:  -  '  '  gauge  pressure  ; 

*  <;  '  n  P  .  =  P  .  +  P 

,  abs  atm  gauge  .  E 


V-  *  .4 


Given : 


»  P  ,  =  104  kPaf {where  kPa  -  kilo  Pascal} 

atm  _  v t h,'  >  •  *  ■  ]|v 


v-  and  * 


P  =  1.5  MPa  {where  MPa  =  mega  Pascal} 

gauge  _  ,  & 

=  1.5  x  1000  kPa 
=  1500  kPa  - 

P  .  *  1500  +^104  »''v  " 

abs 

=  1604  kPa  ,  ,  » 


1 


1604  MPa 
1000 


P  .  =  1.604  MPa 

abs 


"  •  PROBLEM  1-2 


An  open  end  mercurial  manometer  shown  below  in  the  figure  is 
connected  to  a, gas  tank.  The  mercury  meniscus  in  the  left 
leg  of  the  manometer  ,is  opposite.33 . 8  cm  on  the  meter  stick; 
in  the  right  leg  it  is  opposite  16.2  cm.  Atmospheric 
pressure  is  747  mm  Hg.*  Find  the  pressure  of  the  gas. 


Solution:  Always  equate  pressures  at  the  lower  liquid 

surface,  that  is,  Pg  =  P&  +  . .  The  gas  pressure  is 

greater  than  atmospheric  pressure  as  shown  in  the  figure. 

The  figure  shows  the  gas  supporting  both  the  mercury  and  the 
atmosphere. 

The  difference  between  atmospheric  and  gas  pressures  is 
always  equal  to  the  difference  in  levels  of  the  mercury  in 

the  two  legs  of  the  manometer.  This  difference  is  33.8  - 

16.2  =  17.6,  or  176  mm.  Since  the  gas  pressure  is  greater 

than  atmospheric  pressure , 

r‘  5  .  t  . 

Pg  -  ?a  *  176  mm  Hg 

P&  =  747  mm  Hg 
Pg  =  747  +  176.0 
=  923  mm  Hg.  ' 
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•  PROBLEM  1-3 


The  density  of  liquid  gallium  is  6.09  g/cm3  at  35°C.  If 
this  element  is  employed  in  a  barometer  instead  of,  mercury, 
what  is  the  height  of  a  column  of  gallium  sustained  in  the 
barometer  at  1  atm.  pressure?  *  '  **•  - 


i  Q  .  '  *> 

Solution :  The  gallium  column  can  be  computed  by  the  use  of 

the  relation: 


where 


(hGa)<dGa>  "  (V)(dHg) 


h  =  height  of  a  column, 
d  =  density, 


therefore 


h  ■ 


Ga 


(dGa> 


1  atm  pressure  =  h„  ’=  760  mm^Hg  =  7610  cm  Hg.  The 

2 

density  of  mercury  =  d^  *  13.6  gm/cm  .  Therefore; 


h  _  (76.0  cm  Hg)(13.6  gm/cm  ) 
Ga  (6.09  gm/cm3) 


=  169.7  cm  Ga  =  1697  mm  Ga 


u  v  •PROBLEM  1-4 

A  piston  weighs  4.3  kgs  and  has  a  cross  sectional  area  of 

450  mm2.  Determine  the  pressure  that  is  exerted  by  this 
piston  on  the  gas  in  the  chamber,  as  shown  in  the  figure. 

Assume  gravitational  acceleration  ’g'to  be  9.81  m/sec2. 


Piston 
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Solution:  From  Newton's  Law 


where  ^  \ 

r  i  i 


'  F  =  mg  - 

.  ;•  •  ■'  f  s  *  • 

!L,  v  *  t  ri  .  •  v  "tiX  '■  ••  '  ** 

.  *  '*  '•«.  P  •>' 

F  =  Force  in  Newtons  *(N) 

m  =  Mass  in  kilograms  (kg> 


g  =  acceleration  in  m/sec2 

-a  t  ,  1  w ».  JW~  ' '  *•' 

therefore 

F  «  4,3'  x  9.81,  »  1  /'■  :  t 

=  42.18  N 


p  =  F°rce 
Area 


42,18  Nj_ 

4.5  x  10“ 4  m2  J* 


=  9.37.x  104  N/m2  =  9.37.x  104Pa  . 


or  ^  > '  i  - 


P  =  9.37  x  104Pa  x  -^oopa  =  93*7  kPa 


i  ■  W,  *  i 


£*  V  1  -  •  Zi  - "  ■* 


•  PROBLEM  1-5 


The  temperature  of  a  given  gas  is  -10°C.  What  are  the 
equivalent  Fahrenheit  and  absolute  Kelvin  scale  readings? 


fcv  !  f  ,  ■  £ 


..jj*  .1  x. 


.  f  ?  -  t'Vij  *  r_  :**-  f 

Solution :  (a) ^The  Fahrenheit  and  Celsius  scales  are 

related  by  the  following  equation: 

*  .  ’  „  -  -  .  '  c  .  . ;  t .  ,  -  -  1 .  t  ■ 


T_,  =32+|  T 
r  5  C 


where 


TF  =  Temperature  in  degrees  Fahrenheit 
Tc  =  Temperature  in  degrees  Celsius 


Therefore,  using  Eq.  (1)  we  can  convert  -10°C  to  °F. 
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i 


tf  =  32  +  |  (-10). 

in.  T 

=  32  +  (-18) 

'  *  . 

=  14°F 

(b)  0°C  is  equivalent  to  273°K,  where 

K  =  absolute  Kelvin  scale 

To  convert  from  °C  to  °K,  the  relationship 

Ty  =  273  +  T  ..  .  . 

K  c 

is  used.  The  problem  above  indicates  that  T;  - 

c 


Therefore 


Tk  =  273  +  (-10) 

-  273-10  =  263° 


f  i  •:! 


_ _  •  PROBLEM  1-6 


If  the  temperature  of  the  air  in  a  chemistry  laboratory  is 
ambient  (77°F),  what  is  the  equivalent  scale  in  Kelvin? 


Solution:  The  Kelvin  and  Fahrenheit  scales  are  related  by 
the  following  equation:  '  “  ''  '  ' 

Tr  =  273  +  Tc  (1 


v  -A 

Convert  77°  Fahrenheit  (°F)  to  Celsius' ( °C) .  Then  convert 
Celsius  (°C)  to  the  absolute  temperature  scale,  Kelvin  (°K). 

T„  -  32  T  ^ 
r  t  ■  ^ 

9  ,  "  ^  , 

77  -  32  Tc 

9  IT 

4  1  *  .  .  ’ 

or  5(77  -  32)  9T 

■  ■  '  ;i  ^  t  r". 

* 

5  (45)  =  9T 

C  | 

■  •  Tc  »  '*-.25° 
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From  eq .  1 


Tr  =  273  +  Tc 


Tk  =  273  +  25 


Tk  =. 298°  . 


•  PROBLEM  1-7 


Calculate  the  temperature  of  a  fluid  when  both  a  Fahrenheit 
and  a  Celsius  thermometer  are  immersed  in  it,  under  the 
following  conditions:  a)  the  numerical ‘reading  is  identical 
in  both  thermometers  and  b)  the  Fahrenheit  reading  is 
numerically  twice  that  of  the  Celsius  reading.  Express 
the  values  in  °R  and  °K. 


Solution:  The  Fahrenheit  scale  is  related  to  the  Celsius 
scale  by  the  equation 


i  *  *  - 

j£  ~ 

'.«!  {  O  ■  -J  I 

v  ,  ,  .  ^  |  .* 

where 


Tf  -  32 


Tc  =  temperature  in  the  Celsius  scale 

■  *  -*•*  ■'  * 

Tj,  =  temperature  in  the  Farenheit  scale 


■*  :  f . 


Tc  =  tf  ”  T  * 

IT*  "  <'  '•  « <  ■'  >  ^  .  t,  *  *  T  ( 


Using  Eql  (1)  * 


T  •  -  32 


t  *1  i  ;  t 


Solving  for  T 


Therefore, 


1.8  T  -  T  =  -32 


X  =  -  =  _40 

0,8 


T  =c-40°C  or  T  =  -40°F 
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The  relations  between  the  absolute*temperature  scales  and  the 
conventional  scales  are  given  by 

;  T  =  T  '  +  460  (2) 

Fabs  'r 

The  Fahrenheit  absolute  scale  T  *  .  is  also  called  the 

*  abs 

Rankine  scale  (symbol  R)  and  the  Centigrade  absolute  scale 
is  called  the  Kelvin  scale  (symbol  * K ) ,  and 

Tr  =1.8  Tk  r  (3) 

Using  Eq.  (2) 


Tr  =  Tp  +  460 


-40  +  460 


t  \  It-  -V#- 


Tr  -a  420 

■  t  •  .  - 


.  *  :ji 


From  Eq .  ( 3 ) , 


_  fTR  *V*\*'V  4  '  ■  >H' 

tk  "  178  ■  *  4^7  * 


T  =■ 

t:  •  S.TXt  --K  rl;8  •  .  -  • 

j.  ,  *t  't  *  ^  '■  .  »  *L  -4 

...  -  233.33  | 


b)  Using  Eq.  (1) 


T  = 
C 


Solving  for  Tc 


•!  ■  \-Z<. '  *  e  ■’ 

(2T^  -  32) 

•  ^  i. 

1.8,  r 

**>  ■  4  ' v  •:  r*  H 


■  I  -V  '  f'  '3*  *  ■  tetii" 

'  1.8T„  2T  ■'  =  -32  .  , 


i:  *  j$~ 


•  T  =  ~32 

•*  LC  -0.2 


iiS  i  l-  -ijp 


--j  |  4.  :S>‘ 


=  160 


Given  Tf  =  2TC 


Tr  =  2  X  160 


^;r  ^  ’  V  ^  ^  :  y  ■* 


T_  =  320 
F 


Using  Eqs.  (2)  and  (3) 


Tr  jTf -i+  4,®!?  .s.-,  .  i,*** > 


=  320  .+  460  ,  n  * 


Td  i- " 780 

K  ,, 


'  t  *■ 


lf  fe>-  f- 


TK  1.8 


:  *  TK  =  433133 

.  1 


IDEAL  GAS  BEHAVIOR 


•  PROBLEM  1-8 


The  following  substances  are  described  by  the  given  states. 

a)  Carbon  Monoxide  at  45°C,  4MPa 

b)  Carbon  Dioxide  at  15°C,  7MPa 

c)  Water  at  40°C,  5kPa. 

Can  ideal  gas  behavior  be  assumed  at^the  given  states? 
Indicate  the  reasons  for  your  answer. 


Solution :  a)  Carbon  Monoxide: 

:  h 

-  *  t 

T  given  =  45°C  -  - 

« 

=  273.15  +  45  =  318. 15°K. 

The  critical  temperature  TCR  for  CO,  (from  tables)  is 
tcr  =  :33K  ■  t  . 

Since  T  given  _>  2TCR  (318.15  _>  2  *  133)  and  the  pressure  is 

less  than  10  MPa,  it  is  reasonable  to  assume  ideal  gas 
behavior. 

b)  Carbon  Dioxide: 

■ji  '  4  . 

T  given  =  15°C 

=  273.15  +  15° 

=  288. 15°K  ::  '  '  : 


The  critical  temperature  from  tables  for  CO^  is 
Tcr  =  304.2°Ku:.  ;  I-'* 


8 


In  this  case,  T  given  <  2Tr>D  • 

Therefore,  it  is  unreasonable  to  '[assume  ideal  gas  behavior 
in  this  case.  ' 

c)  Water:  •• 


The  saturation  pressure  P  from  the  steam  tables  at 
the  given  temperature  is  7.384  kPa. 

Psat  =  7*384  kpa  ’ 


P  . 
given 


•  ' 

5.0  kPa 


.  t  St 


Since  the  given  pressure  is  lower  than  the  pressure  of  the 
saturated  vapor ,  it  is  reasonable  to  assume  ideal  gas 
behavior.  In  this  case  water  lies  in  the  superheated  region. 

■.S'- 


•  PROBLEM  1-9 


The  following  substances  are  described  by  the  given  state: 

a)  Oxygen  at  30°C  and  1.0  MPa  : 

b)  Nitrogen  at  -100°C  and  10  MPa'; 

c)  Water  at  40°C  and  10  kPa. 

it- 

Determine  whether  it  is  reasonable  to  assume  that  the  given 
substance  behaves  as  an  ideal  gas  at  the  specified  state. 


Solution :  A  gas  will  behave  ideally  if  its  compressibility 

factor  Z  is  equal  to  or  very  close  to  unity: 


a)  Oxygen:  From  the  tables  of  critical  constants,  the 
critical  temperature  for  oxygen  is 

T„_  =  154. 8 °K 
OK 

and  the  critical  pressure  =- 

PCR  =  5.08  MPa. 

I  j!  1  * 

The  reduced  temperature  T  =  = —  and  !  , 

r  aCR 

■ft.  p  . 

P 

the  reduced  pressure  P  =  ~ —  (1) 

'  CR  -  * 

From  the  given  state,  T  =  273.15  +  30 
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From  Eq.  :( 1 ) , 


=  303 . 15°K 

303.15 
r  154.8  ‘ 

=  1.96 


and 


P 


r 


1.0  \  ;i. 

5.08 

0.197 


Using  the  compressibility  factor  chart, the  compressibility 
factor  Z  =  0.989  for  oxygen.  >  i 


For  an  ideal  gas,  the  compressibility  factor  Z, is  obviously 
unity  under  all  conditions,  whereas  for  a  real  gas,  the 
value  of  Z  may  be  less  or  more  than  unity. 

:  X  -  1 

Since  Z  =  0.989  =  1  for  oxygen,  ideal  gas  assumption  is 
reasonable. 


b)  Nitrogen:  Proceeding  as  in  case  a) 


10.0 

3.39 


.  34 

.  i 


=  2.95 


173.15 

126.2 

1 . 372 


From  the  compressibility  factor  chart,  using  the  above  T 
and  P^' for  nitrogen,  T  ~  ;  r 


Z  =  0.72  <<  1 

4|  i  *r 

4 

Since  Z  <<  1  it  is  not  reasonable  to  assume  ideal  gas 
behavior.  j-  . 


c)  Water:  Water  behaves  as  an  ideal  gas  only  when  it  is  in 
the  superheated  region. 

From  steam  tables,  for  T  =  40°C 

P^  .  =  7.384  kPa 
sat 

f  ( compressed  liquid  region  )  . 
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(10  kPa  >  7.384  kPa) 


Since  P  ,  >  P 

given  sat, 


it  is  not  reasonable  to  assume  ideal  gas  behavior, 


IDEAL  GAS  EQUATION  OF  STATE 


•  PROBLEM  1-10 


Assuming  steam  to  be  an  ideal  gas,  obtain  its  specific 
volume  and  density  at  a  pressure  of  90  lb/in2  and "a 
temperature  of  650°F. 


Gu 

Chem¬ 

ical 

symbol 

Mole¬ 

cular 

weight 

Gan 

constant 
fUlb/'K  H 

Specific 

heat 

B/lb 

Specific 

heat 

ratio 

M 

R 

Cy  Cp 

k 

Air 

28.95 

53.35 

0.172  0.240 

1.40 

Carbon  dioxide 

CO, 

44.00 

35.13 

0.160  0.205 

1.28 

Hydrogen 

H, 

2.016 

766.80 

2.44  3.42 

1.40 

Nitrogen 

N, 

28.02 

55.16 

0.176  0.247 

1.40 

Oxygen 

O, 

32  0 

48.31 

0.155  0.217 

1 .40 

Steam 

H,0 

18.016 

85.81 

0.36  0.46 

1.28 

Solution : 


Given  P  =  90  Ib/in 


=  90  i~2  x  122 


-  12960  lb/ft 


T  —  T_  +  460 
R  F 


=  650  +  460 


T  *  1110°R 
R 


The  specific  gas  constant  R  is  related  to  the  universal  gas 
constant  1  through  its  molecular  weight  M  in  the  following 
manner. 
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'?  *  p  > 

R“  M 


■ 

(1) 


From  the  table,  M  for  steam  =  18.016 

*1*C  **-’l  **  „  •  !■  '  M  ^  „ 


1545.3  ft-lb/lbm.mole  °R 
18.016  Ibro/lbm.mole 


=  85.77  ft-lb/lbm  °R 


v  .  RT 

...  M  t,P 

p  =  ? 

*-?.  *  ^  i'  a.?.* 

where  v  '=  specific  volume  of  steam 

i .  *  '  •  T  •  -  1  '  >■  ■<  *  -I 

p  density  of  steam  ,  . 


From  Eq.  (2) 


85.77  f t-lb/lbm-°R  x  1H0°R 


12960  lb/ft 


.=  7.34 


From  Eq  (3) 


f  P  7.34  ft 3 / lbm 
v  |  *  ,  * 
f  =.  0.136  4r2? 


By  interpolation  from  the  steam  tables,  the  values  of  v  and 
p  are  7.26  and  0.1355  respectively. 


► ,  ,tf  •  PROBLEM  1-11 


Find  the  mass  of  air  in  a  closed  chamber  measuring 

35  ft  x  20  ft  x  10  ft,  tWhen  the  pressure  is  17  lb/in2  and 

the  temperature  is  75°F.  Assume  air  to  be  an  ideal  gas. 


Solution:  The  pressure  P  *  17  -jf2  x  122  -|f2 

"  2448  if a 


The  , volume  V  of  the  room  =‘35  x  '  20  x  '10 

.  *v  ■■  t  ft.  *  *  ■  r.  *  T  *  i  ■  t, 

=  7000  ft3. 
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■Tr  :=  Tf  +  460 

=  75  +  460 
Tr  -  535° 


J?  * 

*3 


_  ■:  -1  i  .  f  -  V 

where  R  =  universal  gas  constant 
R  =  specific  gas  constant 

M  =  molecular  weight-.  *  \ 

"a?  *. 


R  -/y%3  Ibm.mot«R 


M  for  air  =  28.97  lbm/lbm.mol 


d  /:  *2  1545.3  ft-lb/lbm.mol-°R 
n  28.97  lbm/lbm.molj 


An  ideal  gas  is  a  simple  compressible  substance  and  is 
defined  as  one  whose  thermal  equation  of  state  is  given  by 

PV  -=  mRT  k;  "  a  1  *' '* 

■■  ’ ,  r*  **■  3  . 

where  '  P  -^pressure" 

V  =  volume  <,■ 

m  -  mass 

R  =  specific  gas  constant 
!  .  T  =  temperature 

v.  '*  „i.il 

'  •  '=  ' PV  *  ’  **  ’  • * 

v  ‘  “*.*•  <RT  ;  i4' 

v  r  q  v  f  > 

-  '  2448  lb/ft2  x  7000  '-ft 3 
53.27  f t-lb/lbm-°R  x  535°R 


yf  =  601,.  lbm. 


•  PROBLEM  1-12 


A  0.2  m3  container  holds  oxygen  at  70°C  and  25  bars. 
Calculate  the  amount  of  oxygen  in  the  container  if  the 
atmospheric  pressure  is  1  bar. 
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Solution :  For  an  ideal  gas,  the  thermal  equation  of  state 

is  given  by 

PV  =  mRT  * 

where 


P  =  Pressure  =  25+1  =  26  bars 

V  =  Volume  =  0.2  m3. 

R  =  R 

M  J 


T 


8314.3  J/kg.mol-°K 
32  kg/kg. mol 

1' 

259.8  J/kg-°K 

259.8  N-m/kg-°K  f 
273  +  70  ’=  343°K 


a 


PV 

RT, 


I-  *  ■.  •:» 

.  }  *  • 


26  bars  *  105  N/m2  x  0.2  m3 
bar 

259.8  N-m/kg-°K  x  343°K 


=  5.8354  kg  -  * 


t’  ‘ 1 


i  * 


•  PROBLEM  1-13 


Calculate  the  volume  of  a  cylinder  which  contains  60  lbm 
of  carbon  dioxide  at  230°F  and  23  psig  pressure.  Assume 
atmospheric  pressure  to  be  14.7  psia. 


Solution;  The  ideal  gas 'equation  for  m  pounds  of  gas 
occupying  a  total  volume  V  is 


PV  =  mRT 


where  P  is  the  absolute  pressure,  and  is  the  sura  of  the 
atmospheric  pressure  and  gauge  pressure. 

3<i;  P  =  14.7  +,  23  j  ,  -  /  ' 

»  * 

=  37.7  psia 
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=  37.7  i^2  x  144  4?2 
in*  ft2 


=  5429  ^ 2 


=  230  +  460 
=  690°R 


Using  Eq.  (1) 


=  60  lbm  x  35.1  ft-lb/lbm-°R  x  690°R 
5429  lb /ft'2 

=  268  ft3.  «  .  ■  -  ... 


•  PROBLEM  1-14 


Determine  the  mass  and  specific  volume  of  argon  gas  in  a 
vessel  at  150  kPa  aid  20°C.  The  vessel  is  spherical  and  has 
a  radius  of  5m.  •  * 


Solution :  For  an  ideal  gas, the  equation  of  state  is  given 

by  PV  =  mRT 


The  specific  gas  constant  for  argon  .is  .• 


where 


R  =  £ 


,  if  \j 


R  =  8.3143  kJ/kg.mol-°K 

4,'  F  -  ■ 

M  =  39.95  kg/kg. mole'  (for  argon)  , 


8.3143  kJ/kg .mol-°K 


39.95  kg/kg. mol 


=  0.20813  kJ/kg  -°K 


=  0.20813  kN-m/kg-°K  ...  , 
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T  =  20  +  273 


•  PROBLEM  1-15 

The  gauge  pressure  in  an  automobile  tire  when  measured  during 
winter  at  32°F  was  30  pounds  per^square  Inch  (psi).  The  same 
tire  was  used  during  the  summer,  and  its  temperature  rose  to 
122°F.  If  we  assume  that  the  volume  of  the  tire  did  not 
change,  and  no  air  leaked  out  between  winter  and  summer,  what 
is  the  new  pressure  as  measured  on  the  gauge? 


Solution :  From  one  season  to  another,  the  only  properties  of 

the  gas  that  will  change' are  pressure  and  temperature.  The 
mass  (hence  the  number  of  moles)  and  the  volume  will  remain 
the  same.  If  it  is  assumed  that  this  gas  is  ideal,  then 

PV  =  nRT  ( 1 ) 

where  . 

P  =  Pressure  of  the  gas 
V  =  Volume  of  the  gas 
n  =  number' of  moles  ^ 
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R  =  gas  constant 
T  =  Temperature  of  the  gas. 

Rearranging  equation  (1)  to  solve.,  for  P  gives, 

%  •  **  V1’  •  (j 

P  =  ( n/V )RT.  ;  .  (2) 

:  < tiff  *  $  '  ' 

Since  n  and  V  are  constant,  equation  (2)  shows  that 
pressure  is  directly  proportional  to  temperature.  That  is, 
P/T  =  nR/V  =  constant.  Therefore, * 


(3) 


where  •  "  • 

P^  -  initial  pressure 

T^  =  initial  temperature 

P2  =  final  pressure 

T2  -  final  temperature 


and 


n2  are  initial  and  final  moles  respectively.  „  and 


V2  are -{initial  and  final1  volume  respectively. 


The  moles  and  volume  are  not  changing;  therefore,  n£  =  n2  and 
=  V2*  Consequently,  equation  (3)  can  be  written^as  , 


(4) 


Before  equation  (4)  can  be  used,  the  pressure  and  temperature 
must  .be  in  absolute  scales.  -  -  j, 


’  } 


(5) 


and  P  =  14.7  psia  +  psig  ^  (6) 

where  Tc  =  temperature  in  degrees  centigrade 

T„  =  temperature  in  degrees  fahrenheit 

Jb 

Psia  =  absolute  psi 

*Psig  =  gauge  psi  r  '  ;i  1  >*  ‘ 


Using  equations  C 5 )  and  (6), 


and 


122°F  =  50°C  =  (50  +  273 ) °K  =  323°K 
P  =  14.7  +  30  =  44.7  psia  . 
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These  can  now  be  inserted  into  equation  (4)  to  give. 


.  44.7  _  2 

*  273  323  * 


Therefore , 


=  [  (44.7)  (  323)  ~j 
P2  :  :  Lf..  ,  j  273  ..  ,,J  PS- 


=52.9  psia 


or  from  equation  (6), 
\ 


if  i 


52.9  psia  =  14.7  psia  +  x. psig 

P2  =  (52.9  -  14 . 7 )psig 

....  '  ■ 

=  38.2  psig  . 


•  PROBLEM  1-16 

A'  »  f  t  ^  T  ^  .  '  ? _ _  _  _ ■ 


A  pioneer  aeronautas  planning- the  design  of  .  a  hot-air  , 
balloon.  What  volume  of  air  at  100°C  should  be  used  if  the 
balloon  is  to  have  a  gross  lifting  power  of  200  kg  (defined 
as  the, mass  of  displaced  air  minus  the  mass  of  hot  air)? 

The  ambient  temperature  and  pressure  are  25°C  and  1  atm,  and 
the  average  molecular 'weigtit';of  -air'  is  T29  g/mole,  whereas  -  * 
that  of  the  hot  air  is  32  g/mol  (due  to  the  presence  of  some 
C02). 


t --i  ...  :‘j  -  i  i 

_  _  __  weight  or  mass 


Solution:  Since  n  =  — ^ ® ^ - : — — -  =  ro/M  •=  number  of’ 

-  molecular  weight 

moles,  the  ideal  gas  equation  can  be  written  as 


PV  =  ^  RT  -  ( 1 ) 

where  P  =  pressure  .  <  -  - 

V  =  volume 

R  -  gas  constant  ~ 

T  =  temperature  in  °K 

./  '  ....  i  :  •<,»*!*  i  we»  a.  i  .*-  ■ 

i 

:  v  *'  '  •  ’ 

The  problem  states  that  mail.-mhot  air  =  200  kg  or  2  x  10  gm. 
From  equation  (1)  . 


VPM  . 

m  '  ”  '  =  air 
air  rt 
t  .  ,i  air 
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hot  air  rt 


hot  air 
hot  air 


m  -,m  .  '=  -  Vt_alr\,  2  X.1C)5  ^ 

air  hot  air  r  lTair  Thot  airy 


_5  VP  ( Mair  Mhot  air 

2  x  10  gm  *  t=~  ™ - ™ - 


1  T 


air  hot  air 


V  =  2  x  IQ  gm  x  r 

p/M air  Mhot  air 

[  t  ~  T 
V  air  hot  air 


(2  x  10°  gm)( 0.082  liters  atm  °K~  mole  ) 


1  atm 


29  g  mole  1  32  g  mole  1 


298°K  *  373°K 


c  _ _ 2. 

(2  x  io°  gm)( 0.082  liters  atm  °K  mole  ) 
1  atm(0.0115)  g  mole“1/°K 


V  =  1.42  x  10  liters. 


•  PROBLEM  1-17 


A  container  having  a  volume  of  2.5  ft3  initially  contains 
oxygen  gas  at  a  pressure  of  125  psia  and  a  temperature  of 
75°F.  Oxygen  then  leaks  from  the . container  until  “the 
pressure  drops  to  100  psia,  while  the  temperature jremains 
the  same.  Assuming  ideal  gas  behavior,  determine  how  many 
pounds  of  oxygen  leaked  out  of  the  container. 
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..  <t  -  V1  4  r  .  ....  4  ' 

l  ‘r-,.:--  .  *  ;  .1  •'  /  *  s  l  .  '  ",  . 

TABLES  OF  THERMODYNAMIC  PROPERTIES 


•  PROBLEM  1-18 


Given  the  following  states  of  water: 

(a)  At  10  MPa  and  an  entropy  of  3.3  kJ/kg-°K 

(b)  At  320°C  and  5.6  MPa  ’’  ' 

(c)  With  a  specific  volume  of  0.10  m3/kg  at  1.0  MPa 

Determine  whether  water  is  a  compressed  liquid,  superheated 
vapor,  saturated  liquid,  saturated  vapor,  or  a  mixture  of 
saturated  liquid: and  vapor,  in  each  case.  If  the  state  is 
determined  to  be  a  mixture,  determine  the  quality.  If  it  is 
not  a  mixture,  determine  an  additional  property  at  that 
state. 
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Solution:  a)  For  the  given  pressure,  the  entropy  of  the 
saturated  liquid  (sf)  and  vapor  (s  )  can  be  obtained  from 
steam  tables. 


sf  =  3.3596  kJ/kg-°K  y 


s  =  5.6141  kJ/kg-°K 
g  ;  [ 

.  r 

Since  the  given  value  for  the  entropy  is  less. than  that  for 
the  saturated  liquid  -  -  -  *  ■  ■.}  *  - 

.  ,»  ..  ''  ,'3.3  ,<j3,3596,  ,  '  |... 


the  state  of  the  substance  is  compressed  liquid.  The  *. 
additional  properties  obtained  by  interpolation  are  shown 
in  Table  1. 


b)  First  the  value  of  the  saturation  temperature  at  the 
given  pressure  is  obtained  from  the  steam  tables  by  inter¬ 
polation,  as  shown  in  table  2.  .  ■ 


Comparing  the 
temperature , 


given  temperature  with  the 

....  -  .•  ••  1 


T  .  >  T  . 

given  sat 


(320  >  270.98) 


saturation 


The  substance  lies* in  the  superheated  region.  The  other 
properties  can  then  be  evaluated  using  the  steam  tables. 
Since  the  steam  tables  do  not  give  values  for  the  properties 
at  5.6  MPa,  320°C,  interpolation  is  done  as  follows: 
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First  the  values  for  a  pressure  of  5.0  MPa,  320°C  are 
calculated  from  the  steam  tables.  These  values  are 
summarised  in  Table  3. 


P  (MPa) 

T(“C) 

v(m3Ag) 

u (kJ/kg) 

h (kJ/kg) 

s ( kJ/kg- °K) 

5.0 

300 

0.04532 

2698.0 

2924.5 

6.2084 

5.0 

320 

0.04797 

2742.28 

2982.1 

6.3048 

5.0 

350 

0.05194 

2808.7 

3068.4 

6.4493 

Table  3. 


PfMPa) 

T(CC) 

V(m3/kg) 

u (kJ/kg) 

h { kJ/kg) 

s( kJ/kg- °K) 

6.0 

300 

0.03616 

2667.2 

2884.2 

6.0674 

6.0 

320 

0.03859 

2716.16 

2947.7 

6.1738 

6.0 

350 

0.04223 

2789.6 

3043.0 

6.3335 

Table  4 . 


T(°C) 

P (MPa) 

v(m3/kg) 

u  (kJ/kg) 

h  (kJ/kg) 

s  (kJ/kg- °K) 

320 

5.0 

0.04797 

1 

2742.28 

2982.1 

6.3048 

320 

5.6 

0.04234 

2726.6  ] 

2961.46 

6.2262 

320 

6.0 

0.03859 

2716.16 

2947.7 

6.1738 

Table  5. 


The  properties  at  6.0  MPa,  320°C  are  then  evaluated  in  the 
same  manner,  as  shown  in  Table  4. 

Now  from  values  in  Table  3  and  4,  Table  5  is  formed  by 
interpolation .  y 


The  values  enclosed  within  boxes  in  Table  5 
properties. 


are  the  desired 


c)  Using  the  steam  tables  and  proceeding  in 
as  in  parts  (a)  and  (b),  at  P  =  l.o  MPa 


the  same  manner 


vf  =  0.001127  m3 /kg 
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V  =  0* 19444  m3 /kg. 
g 

Comparing  the  value  given  for  the  specific  volume  with  those 
for  the  saturated  liquid  and  vapor  it  is  evident  that 

'I  .  :  .  r 

v  „  <  V  .  <  V 

f  given  g  , 

(0.001127  <  0.1  <  0.19444) 

r  .. 

*  '  is* 

and  thus  the  substance  is  a  mixture,  of  saturated  liquid  and 
vapor.  The  quality  can  now‘  be  calculated  using  the^.equat  ion  . 

v  =  v.  +  x<vcr“vf^)  <  ; 

I  &  1  v 


The  quality  x  is  then  .given  by 


Y  :  ■■■  ’  -■$  , 

x  v  -v„ 
g  f 


0. 1-0.001127 
0.19444-0.001127 


=  0.5115 


-*•  f  •  -C  ’ 
f>  ■  f  " 


•  PROBLEM  1-19 


a)  Calculate  the  specific  volume  of  water  at  1.0  MPa  with  ^ 
an  internal  energy  of  3200  kJ/kg. 

b)  Determine  the  enthalpy  of  freonf12  at  1.0843  MPa  and  30°C. 

c)  Determine  the  specific  volume  of  freon-12  at  1.0  MPa  with 

an  entropy  of  0.91  kJ/kg-  K.  «  *  ‘  ^  ^ 

“  in  addition,  show  for  each  case  whether  it  is  a  liquid, 
vapor, or  a  mixture.  Is  it.  reasonable  to  assume  ideal  g 
behavior  in  each  case? 


solution:  a,  Using 'the' given  values  the^inte^  Wrgy 


saturated  vapor  can  be  obtained  from  the  steam 

g  •  '  ■  ■  T 

tables.  ,  x  u  =  2,583  kJ/kg. 

•,  »  *  .  ■  ■*■  L  e 

Since  the  given  value  of  the  internal  energy  is  greater  than 
the  one  obtained  from  the  table  1 

u  =  3200  kJ/kg^>  u  =  2583.6  kJ/kg,  * 

given  & 


the  state  is  superheated  vapor. 


From  the  superheated  steam  tables,  the^specific  volume  is 

v=  0.2921  m3/kg  (by  interpolation) 

.  <•  .  .*>  ■ 

To  check  for  ideal'  gas  behavior  the  temperature  must  be 
known,  and  is  obtained  from  the  steam  tables  to  be 

j 

T  =  369. 9°C  =  643. 1°K 

*  ‘  vrt -.*■ 

If  T  .  >  2T  then  ideal  gas  assumption  is  reasonable 

given  — f  t  cr  ^  D  r  _ 

at  relatively  'low  pressures  (P  <  10  MPa).  From  the  table  of 

the  critical  constants,  for  water’  ’  ^  -  - 

T  =  647. 3°K  V'V  5  "  * 
cr 

Thus 

Tgiven  -  2Tcr  (643’1  «  1,294.6).  ‘ 

Therefore  it  is  not  reasonable  to  assume  ideal  gas  behavior. 


b)  From  the  freon-12  tables  at  30°C,  the  saturation  pressure 
is  given  as  .  t  ,• 

Psat  =  0*  7449  MPa. 

4  '  * 

Since,  the  given  value  for  the  pressure  is  greater  than  the 
saturation  pressure  at  the  given  temperature  , 


P  . 
given 


1.0843  MPa  <  P  , 
sat 


0.7449  MPa, 


the  state  is  compressed  liquid.1  •  -  r 

•  s  *.  ^  f .  \n  -*  >  n  i 

From  the  same  freon-12  table,  the  enthalpy  for  the  liquid 
t phase  is 

**  u  ;•*  r:  ’  'I  *'  '  *■  •*  r  ..  •-  1  f  1  .•  .  ’  1 

h  =  hf  =  64.539  kJ/kg. 

This  value  is  obtained  by  using  the  temperature  and1 not  the 
pressure,  since  the  enthalpy  is  a  function  of  the  temperature. 
In  this'case  the  substance  does  not  lie  in  the 'superheated 
region  so> ideal  gas  approximat ionsT are  not  reasonable.  " 


v, * 


c)  From  the  saturated  freon-12  tables  at  the  given  pressure, 
the  entropies  kfor  the ^liquid  and  vapor  states  are. given  as 

’  a  f  ■-!  *  '  ■  -  "* 

Sf  =  0.2767  kJ/kg-K;  S  =  0.6816  kJ/kg-°K 

b 

*  ’  ■  ™  j1-  (by  interpolation) 

Since  .the *given  value  for^the  entropy  is  greater  than  the 
entropy  for  the  saturated  vapor  state: . ?  ■  \  . 

Sgl ven  =  ,0.91,kJ/kg-°K~>  Sg  =*0.6816  kJ/kg-°K, 

the  vapor  is  superheated.  /  l  -  '  ■  -  \ 
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From  the  superheated  freon-12  tables,  the  specific  volume  is 

v  -  0.027667  m 3 /kg  .  .  ^(by  interpolation) 

To  check  for  ideal  gas  behavior  the  temperature  is  required. 
This  is  obtained  from  the  freon-12  tables.  '  •  . 


T  *  154. 9°C  =  428°K 

!l 

M  *  #  :  4 

If  Tgiven  —  2Tcr  then  ideal  gas  approximations  are  reasonable 

at  relatively  low  pressures.  From  tthe  table  of  critical 
constants,  for  freon-12 


Since 


T  =  384. 7°K 
cr 

,v3f> 


T  .  <  2T  (428  <  769.4), 

given  -  cr 


it  is  not  reasonable  to  assume  ideal  gas  behavior. 


•  PROBLEM  1-20 


Given : 

a)  Water  at  200°C  and  10  MPa, 

b)  Water  at  200°C  and  1.0  MPa, 

c)  Ammonia  at  30°C  and  a  specific  volume  of  0.10  m3/kg. 

Determine  for  each  case  whether  the  substance  is  a  compressed 
liquid,  superheated  vapor,  saturated  liquid,  saturated  vapor, 
or  a  mixture  of  saturated  liquid  and  saturated  vapor,  by 
using  the  steam  tables.  Determine  the  quality  if  the  state 
is  a  mixture  and  determine  an  additional  independent  property 
if  the  state  is  superheated. 


.  <  T  :  '  ‘  ft- 

Solution:  a)  Since  both  the  temperature  and  pressure  are 

given,  either  one  of  the  following  conditions  will  have  to  be 
satisfied.  If  P 


>  P  .  .  .  at  T  . 

saturated  given 


then  the 

given 

substance  is  located  in  the  compressed  liquid  region,  or  if 

P  .  < 

given 

the  superheated  region. 


p  ,  ,  at  T  .  ,  then  the  given  substance  is  in 

saturated  given*  &  . 


From  the  steam  tables,  at  T  =  200°C 


p  ^  *  1.5538  MPa 
sat 
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and  Co  t «  : 

V  t>.  *  P  :  >  P  .  (10  MPa  >  1.5538  MPa)  ' 

given  sat 

Thus  the  substance  is  in  the  compressed  region.  , 

An  additional  independent  property  is  v. 

From  steam  tables,  at  T  =  200°C  and  P  =  10  MPa, 
f-ol'U  :v  =  0.001148  m3/kg 

b)  As  in  (a),  from  the  steam  tables,  at  T  =  200°C 

Psat  =  1-5538  MPa 
and  i '  ’  • 

Pgiven  *  psat  (1-°  MPa  <  i'5539  MPa> 
Thus  the  substance  is  in  the  superheated  region. 

An  additional  independent  property  is  v. 

i 

From  the  superheated  steam  tables,  at  T  =  200°C  and 
P  =  1.0  MPa 

v  =  0.2060  m9 /kg. 


c)  From  the  ammonia  tables,  at  T  =  30°C 

a  r ,  -  . 

vf  =  0.001680  m3 /kg 

V  ‘  *  »  .  *.  ±  ,  .  ■*  4  r 

v  =  0.1106.m3/kg  ■  ’  . 

*  "  &  1  * 

!  t  ♦  ■  , 

The  specific  volume. given  in  the  problem  lies  between  the 
two  values  obtained  from  the  tables:  .  * 

v„  <  v  .  <  v 

f  given  g 

making  the  substance  a  mixture  of  saturated  liquid  and  vapor. 
The  quality  is  calculated  using  tthfe..  equation 


>  ^  v  =  Yf  t  x<Vvf) 


(l) 


solving  for  x, 


v-v 


x  = 


V  —V 

g  f 


f_  =  _0. 10-0. 001680  _ 

w  0. 1106-0 . 001680 


x  »  0.9027  x  100  =  90.27% 
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•  PROBLEM  1-21 


A  cylinder  contains  3  kg  of  water  and  water  vapor  mixture 
in  equilibrium  at  a  pressure  of  500  kN/m2.  The  volume. of  the 
cylinder  is  1  m3.  '  4^ 

Calculate:  i  ■:  t,  •  . 

(a)  the  temperature  of  the  mixture,, 

(b)  the  volume  and  mass  of  water  and 

(c)  the  volume  and  mass  of  vapor. 


Solution:  The  mixture  is  saturated  because  the  water  and 

water  vapor  exist  in  equilibrium.  The  saturat ion  temperature 

T  at  P  =  500  kN/m2  is  424.95°K  ^ 

sat  11 

(or  151. 8°C).  ..  p  .  v  ,  , 

v  • 

b)  The  specific  volume  of  the  mixture  =  -  =  v 


v  =  |  =  0.3333  m 3 /kg 


where 


V  =  Vf  +  XVfg 

V  =  specific  volume  of  the  saturated  vapor 
g 

Vf  =  specific  volume  of  the  saturated  liquid, 

v  =  v  -  v  and 

fg  g  f 

x  =  quality  of: the  mixture  j; 

0.3333  =  0.0011  +  0.3737X  „ 

0.3322 
x  “  0.3737 

=  0.889.  ■  ,  *  ,  > 


The  mass  of  liquid  =  3(l-x) 

=  0.333  kg. 

The  volume  of  liquid  =  mfvf 


=  0.333  x  0.0011 
=  0.000366  m3 


0;366  liter 
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0.889  x  3 


' ' c)  -  The  mass  of  vapor  =  mx  ® 

;t  ,  ;  -  "  =  2.667^6  w 

The  volume  of  vapor  “  mg  vg 

=  2.667  (0.3737  +  0.0011) 

=  2.667:  0.3748  *  Tv 

=  0.9995  m3 

*  » 


•  PROBLEM  1-22 


A  cylinder  contains  30  lbm  of  liquid  water  and  water  vapor 
mixture  in  equilibrium  at  a  pressure  of  100  lbf/in2.  If 
the  volume  of  the  cylinder  is  10  ft3  calculate 

(a)  the  volume  and  mass  of  liquid 

(b)  the  volume  and  mass  of  vapor 


Solution :  The  specific  volume  is  calculated  first  using  the 

formula  ■  ;  ' 


•  -  V 
v-  =  — 
m 

^10.0 

3.0 


1  ■<  '  -  > 


3.333  ft 3 /lbm 

u 


The  quality  can  now  be  calculated,  using  the  following 
equation : 


i 

where 


v  =  v 

g 


( 1-x  )  v 


fg 


v^  =  specific  volume  of  saturated  vapor 
vf  =  specific  volume  of  saturated  liquid 


v 


fg 


v  -v 
g 


f 


Thus , 


from  steam  tables. 


n- 


3.333  =  4.432  - 


(1-x) 


1.099 

4.414 


( 1-x ) 4 . 414 
0.249 
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solving  for  x  gives 

x  =  0.751  v  , *  • 

(a)  The  mass  of  liquid  is  given  by  the  formula 
m1  =  mT(l-x) 


where 

1! 

=  mass  of  liquid 

c 

mT  =  total  mass 

substituting  the  numerical  values 

m  =  3  lbm( 0 . 249 )  =  0.747  lbm. 

The  volume  of  liquid  is  •'  I' 

V,  .  =  mnv. 

liq  If 

The  value  of  v^  is  obtained  from  the  steam  tables  at  the 
given  state,  as 

Vf  =  0.01774  ft 3 /lbm 


Therefore 


v  .  =  0.747(0.01774) 

liq 


(b)  The  mass  of  the  vapor  is 


m  =  m„x 
v  T 


where 


m  =  mass  of  vapor 
v 


0.0133  ft3. 


mT  =  total  mass  of  water 
x  =  quality 

k  >  j. 

substituting  the  numerical  values  .  » 

m  =  3  lbm(  0.751  )  'f=  2.253  lbm. 


The  volume  of  the  vapor  is 

V  =  m  ’  v  .  "  -i- 

vap  vap  g 

where  v  is  obtained  from  the  steam  tables  at  the  given 
g 

state  as  tp 

v  =  4.432  ft 3 /lbm 
g  ■*- 
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Therefore 


V  ^  =  2.253(4.432)  =  9.99  ft3 

V  Ep 


•  PROBLEM  1-23 


A  cylinder  which  has  a  volume. of  0.4  m3  holds 
mixture  of  liquid  water  and  water  vapor.  The 
equilibrium  at  a  pressure  of  6  bar  (0.6  MPa). 

2.0  kg  of  a 
mixture  is  in 

Calculate : 

1)  The  volume  and  mass  of  liquid 

J  * 

2)  The  volume  and  mass  of  vapor 

Solution :  First  calculate  the  specific  volume 


-  0.20  m3/kg 


From  the  steam  tables 


.  ^  .  ,  i 


vfg  =  0.3157  -  0.001101 
-  0.3146 


The  quality  can  be  calculated ^using  the  equations 


v  =  yg-(l-x)vfg  _ 

0.20  =  0.3157  -  ( 1-x )0 . 3146 
..  _  0.1157 

X  ~  073146  .  -■  .. 

=  0 . 3678  .  t  / 

* 

x  =  0.6322 


The  mass  of  the  liquid  is  given  by 


mliq  = 


=  2.0(0.3678) 
=  0.7356  kg 
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r|- 

•  PROBLEM  1-24 


Solution:  a)  In  a  saturation  state  there  is  only  one 

saturation  temperature  for  a  given  pressure.  From  the 
saturation  pressure  table  ( steam  tables )  for  water,  the  satur¬ 
ation  temperature  corresponding  to  30  psia  is  250.34°F. 

b)  Since  the  fluid  is  not  completely  vaporized,  the 
pressure  and  temperature  remain  equal  to  the  initial  values 
of  30  psia  and  250.34°F. 

c)  The  volume  and  enthalpy  changes  are  computed  from 
the  basic  relations  AV  =  m(v2  -  vx)  and  AH  -  m(h2  _  hi), 
where  1  and  2  represent  the  initial  and  final  states.  The 
initial  specific  volume  and  specific  enthalpy  are  read 
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These 


directly  from  the  steam  tables  in'  terms  of  and  hf. 
values  are 

vi  =  vf  =  0.017  ft 3 /lb  and  hi  =  hf  =  218.93  Btu/lb 

The  values  of  V2  and  h2  must  be  calculated  on  a  basis  of  a 
liquid-vapor  mixture  of  70  percent  quality.  Hence 

v 2  =  vf  +  xvfg  =  0.017  +  0.70(13.75  -  0/017)  =  9.63  ft3/lb  - 

h2  =  hf + xhfg = 218.9 +  0.70(945/4)  = 880.7  Btu/lb 

i ,  * .  •.  ,f, 

Consequently , 

AV  =  3  lb  x  (9.63  -  0.02)  ft 3 /lb  =  28.8  ft 3 

.  i 

AH  =  3  lb  x  (880.7  -  218.9)  Btu/lb  =1985  Btu 
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CHAPTER  2 


WORK  AND  HEAT 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  33  to 
61  for  step-by-step  solutions  to  problems. 


Work 

Work,  W,  is  done  when  a  force  acts  through  a  distance,  and  the  amount  of 
work  is  the  product  of  the  distance  and  the  force  acting  through  this  distance.  In 
thermodynamics  an  important  type  of  work  occurs  when  a  change  in  the  volume 
of  a  fluid  causes  the  movement  of  a  piston.  A  force,  F,  exerted  on  a  piston  by  the 
fluid  is  equal  to  the  product  of  the  fluid  pressure,  P,  and  the  cross-sectional  area, 
A,  of  the  piston.  The  distance  through  which  the  force  acts  is  the  displacement  of 
the  piston,  and  this  is  equal  to  the  volume  change  of  the  fluid  divided  by  the 
cross-sectional  area  of  the  piston,  d(V/A).  The  pressure  and  the  volume  of  the  fluid 
vary  according  to  an  equation  of  state,  so  the  work  must  be  written  in  a  differen¬ 
tial  form  as: 

dW=Fdx  =  PAd(V!A)  (1) 

For  a  piston  with  a  constant  cross-sectional  area  A,  Eq.  (1)  becomes: 

dW  =  PdV  (2) 

This  equation  can  be  integrated  over  the  volume  change  from  point  1  to  point  2 
to  obtain  the  work  for  the  process,  i.e., 

W  -  f'2  PdV  (3) 

Jv, 

The  pressure  must  be  known  as  a  function  of  this  change  in  volume  to  evaluate 
the  integral  and  determine  the  work.  The  SI  units  of  work  are  the  Newton-meter 
or  joule,  and  in  English  units  foot-pounds  of  force  are  frequently  used. 

Work  can  be  related  to  kinetic  and  potential  energy  using  concepts  from 
particle  mechanics.  For  example,  the  work  done  on  a  body  to  accelerate  it  from 
velocity  u ^  to  velocity  u2  is  the  change  in  kinetic  energy.  To  show  this  relation, 
the  definition  of  work  dW  =  Fdl  is  used,  where  F  is  the  force  on  the  body  of  mass, 
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m.  dW  -  madl  from  Newton’s  second  law  (F  =  ma ).  Using  a  =  duldt,  dW  =  m(du / 
di)dl  or  dW  =  m(dl/dt)du.  However,  u  =  dlldt,  and  dW  =  mudu.  Integrating  from  Wj 
to  w2  to  compute  the  work,  W,  necessary  to  accelerate  the  mass  gives: 

W  =  m(u22  -  «i2)/2  (4) 

Thus,  the  work  required  to  accelerate  mass  from  U\  to  u2  is  the  change  in  kinetic 
energy  of  this  body,  i.e.,  (mu22l2  -  mux2! 2). 

The  work  required  to  raise  a  mass  from  an  initial  elevation  zx  to  a  final  higher 
elevation  z2  is  the  change  in  potential  energy  of  the  body.  Using  the  defini¬ 
tion  of  work  for  this  case,  dW  -  Fdl  -  madl  =  mgdl,  and  integrating  dl  from  zx  to  z2 

-  T  '  *,  "  C 

gives:  -  .  -  ^  w 

v-  *W  =  mg(z2  -  Zj)  '  -  4  .  -  (5) 

Thus,  work  is  equal  to  the  change  in  potential  energy  for  this  case. 

Changes  in  kinetic  energy  and  potential  energy  will  appear  in  the  first  law  of 
thermodynamics  along  with  the  work  done  by  the  system.  The  ideas  presented 
above  are  to  show  that  work  is  a  quantitative  and  unambiguous  physical  entity. 
Also,  work  is  energy  in  transit.  When  work  is  done  it  does  not  appear  simulta¬ 
neously  as  work  elsewhere.  It  is  converted  into  a  form  of  energy.  As  described 
above,  work  done  on  a  mass  increases  its  kinetic  and  potential  energy. 

Work  is  done  by  a  system,  and  the  system  can  be  many  useful  devices,  from 
an  elevator  to  an  automobile  engine.  When  work  is  performed,  it  is  either  done 
by  the  system  on  the  surroundings  or  vice  versa.  Also,  energy  is  transferred  to  the 
system  from  the  surroundings  or  in  the  reverse  direction.  Work -is  done  only 
when  there  is  a  change  in  energy,  as  described  by  the  first  law  of  thermodynam¬ 
ics. 


There  is  a  sign  convention  associated  with  work  being  performed.  If  work  isr 
being  performed  on,  or  transferred  to,  the  system  by  the  surroundings,  it  is 
considered  negative,  i.e.,  work  consumed  by  compressors,  pumps,  and  mixers  is 
negative.  If  work  is  being  performed  by  or  transferred  from  the  system  to  the 
surroundings,  it  is  considered  positive,  i.e.,  work  produced  by  turbines  and  en¬ 
gines  is  positive.  Using  this  sign  convention,  the  first  law  of  thermodynamics  is 
written  as: 

AE  =  Q-W_  (6) 

where  AE  is  the  change  in  total  energy  of  the  system,  Q  is  heat  transferred  to  the 
system,  and  W  is  work  done  by  the  system  on  the  surroundings. 

There  are  several  forms  of  work  as  implied  above.  One  is  shaft  work,  which 
means  work  done  on  or  by  a  fluid  flowing  through  a  piece  of  equipment  like  a 
pump,  compressor,  or  turbine  which  causes  the  shaft  to  rotate  or  reciprocate.  This 
shaft  is  connected  to  another  machine  which  uses  the  motion  for  another  purpose, 
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e.g.,  a  generator  to  produce  electricity.  Another  form  of  work  is  called  PV  work, 
and  this  was  described  earlier  in  terms  of  the  action  of  a  fluid  volume  change  on 
a  piston.  Also,  work  is  required  when  a  wire  is  stretched  in  the  elastic  region, 
when  a  magnetic  field  is  changed  on  a  ferromagnet,  and  when  an  electrical 
conductor  passes  through  a  magnetic  field. 

The  concept  of  a  reversible  process  for  a  closed  system  is  used  to  represent 
the  upper  limit  for  the  performance  of  an  actual  process.  It  is  convenient  to  use 
the  work  of  compression  or  expansion  from  a  frictionless  piston  to  describe  a 
reversible  process  for  a  closed  system.  In  a  reversible  process  there  is  only 
infinitesimal  displacement  from  equilibrium,  and  work  and  heat  effects  are  suffi¬ 
cient  to  restore  the  system  to  its  original  state,  i.e.,  there  is  no  lost  work  to  friction 
or  turbulence.  The  first  law  of  thermodynamics  is  written  in  terms  of  differential 
changes  to  describe  the  infinitesimal  displacement  from  equilibrium  for  a  closed 
system: 

dU  =  dQ-  dW  (?) 

For  a  closed  system,  the  change  in  total  energy,  dE,  is  equal  to  the  change  in  in¬ 
ternal  energy,  dU. 

In  an  adiabatic  process,  no  heat  is  transferred  between  the  system  and  the 
surroundings,  and  compressors,  pumps,  and  turbines  operate  essentially  adiabati- 
cally.  The  upper  limit  of  performance  of  these  systems  is  described  by  an  adia¬ 
batic,  reversible  process. 

To  evaluate  the  work,  W,  for  an  adiabatic,  reversible,  closed  system,  the  first 
law  of  thermodynamics,  Eq.  (7),  has  dQ  -  0.  Also,  dW  =  PdV  from  Eq.  (2),  and 
Eq.  (7)  becomes: 

dV  -  -PdV 

Next,  to  obtain  equations  that  relate  the  pressure,  volume,  and  temperature 
changes  of  an  ideal  gas  in  an  adiabatic,  reversible,  closed  system,  the  equation  for 
internal  energy  is  used:  dU  =  CJT.  This  can  be  combined  with  Eq.  (8)  and  the 
ideal  gas  law,  PV  =  nRT,  to  give  the  following  relations  for  changes  in  tempera¬ 
ture,  pressure,  and  volume  between  points  1  and  2: 


Another  form  of  this  equation  is: 

PjVj*  -  p2V 2k  -  PV K  =  constant  (^) 

where  k  ~  Cp/Cv  the  ratio  of  heat  capacities  at  constant  pressure  and  volume 
which  has  approximate  values  of  1.67  for  monatomic  gases,  1.4  for  diatomic 
gases,  and  1.3  for  simple  polyatomic  gases. 
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The  above  results  can  be  used  to  evaluate  the  work  for  an  adiabatic,  revers¬ 
ible,  closed  system.  Two  equivalent,  frequently  used  equations  are  given  below. 
One  is  in  terms  of  initial  and  final  pressures  and  volumes,  and  the  other  is  in 
terms  of  the  initial  temperature  and  pressure  and  final  pressure  to  compute  the 
work  for  this  case: 


W=(P]V1-P2V2)f(k-l) 


w~ 


RTX 

(k-l) 


1- 


(11) 

(12) 


These  equations  were  obtained  using  Eqs.  (9)  or  (10)  with  dW  =  PdV,  Eq.  (2). 

In  an  isothermal  process,  heat  is  transferred  between  the  system  and  its  sur¬ 
roundings,  and  boilers  and  condensers  essentially  operate  isothermally  (at  con¬ 
stant  temperature).  The  upper  limit  of  performance  of  these  systems  is  described 
by  an  isothermal,  reversible  process. 

To  evaluate  the  work  for  an  isothermal,  reversible,  closed  system,  the  first 
law  of  thermodynamics,  Eq.  (7),  has  dU  -  0  because  dT  =  0.  Thus,  the  heat  trans¬ 
ferred  to  the  system  Q  is  equal  to  the  work  done  by  the  system  W.  Using  Eq.  (3)  to 
evaluate  the  work  for  an  ideal  gas  gives: 

W=$l  PdV~fvt  RT^-  =  RTWV2/V,)  (13) 

Using  /yP2  =  VyVj  from  the  ideal  gas  law  gives  another  frequently  used  form  of 
Equation.  (13)  to  compute  work  for  this  case: 

W=RT  ln(P,/P2)  (14) 

For  work  associated  with  a  steady  state  flow  system,  the  first  law  of  thermo¬ 
dynamics  has  the  following  form: 

A  2 

+  ~Y~  +  g&z  -  Q  -  Ws  (15) 

where  Ws  is  the  shaft  work.  This  equation  is  used  to  compute  the  shaft  work  for 
reversible  and  irreversible  processes. 

For  a  reversible  process,  Eq.  (15)  is  written  in  terms  of  differential  changes. 
Using  the  fundamental  relation  dH  -  TdS  +  VdP  with  dQ  -  TdS  for  a  reversible 
change,  Eq.  (15)  can  be  written  as: 

~Ws  =  fpx  VdP  +  ^-  +  gAz  (16) 

For  an  incompressible  fluid  (constant  density  p  or  specific  volume  V),  the  in¬ 
tegral  can  be  replaced  by  AP/p,  and  the  shaft  work  is  given  by: 
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(17) 


-ws 


AP!  p  + 


Am2 

2 


+  gAz 


For  an  irreversible  process,  an  additional  lost  work  term  can  be  added  to  Eq. 
(17).  This  lost  work  term  for  pipe  flow  is  2 f{LID)u2,  where /is  the  Fanning  fric¬ 
tion  factor  and  u  is  the  average  fluid  velocity  in  the  pipe  of  length  L  and  diameter 
D.  The  equation  for  pipeline  calculations  is: 

-Ws  =  AP  /  p  +  -~— +  gAz  +  2  f(L  l  D)u2  (18) 

This  equation  is  used  to  compute  the  shaft  work  to  pump  the  fluid  from  point  1  to 
point  2  where  the  pressure,  velocities,  and  elevations  are  known  at  these  points. 

In  turbines  and  expanders,  shaft  work  is  obtained  from  a  high  velocity  gas 
stream  impinging  on  blades  attached  to  a  rotating  shaft.  The  first  law  of  thermo¬ 
dynamics  for  this  system,  Eq.  (15),  simplifies  to  the  following  equation  because 
they  are  operated  adiabatically,  and  kinetic  and  potential  energy  .changes  are 
small  compared  to  the  enthalpy  change: 

Ws  =  -AH  =  (!9) 

Here  the  shaft  work  is  equal  to  the  change  in  enthalpy  of  the  entering  and 
existing  streams.  If  the  expansion  is  isentropic  and  the  entrance  conditions  are 
known,  then  the  maximum  shaft  work  can  be  computed  as  a  function  of  exit 
conditions.  Turbines  and  expanders  have  efficiencies  which  are  in  the  range  of  70 
to  80  percent  of  the  isentropic  approximation. 

Work  computed  by  Eq.  (19)  is  also  applicable  to  compressors,  and  the  isen¬ 
tropic  approximation  gives  the  minimum  shaft  work  to  compress  a  fluid  from  an 
initial  state  to  a  final  state.  Compressor  efficiencies  also  range  from  70  to  80 
percent  of  the  isentropic  approximation. 

For  work  done  by  pumps  moving  liquids,  a  convenient  design  equation  is 
given  below.  This  is  a  simplification  of  Eq.  (18),  neglecting  kinetic  and  potential 

energy  changes: 

Ws  =  V(P,  -  P2)  (2°) 

where  V  is  the  liquid  specific  volume.  Pump  efficiencies  are  in  the  range  of  70  to 
80  percent. 

Lost  work  is  energy  that  is  unavailable  for  work  due  to  irreversibilities  in  a 
process.  It  is  defined  as  the  difference  between  the  ideal  and  actual  work  of  the 
process.  The  amount  of  lost  work  is  given  by  the  following  equation,  which  is 
obtained  from  the  definition  of  lost  work  and  the  first  and  second  laws  of  thermo¬ 
dynamics: 

Whsl=To^S,M,  (21) 
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where  Wlost  is  the  lost  work  per  unit  mass  of  fluid  flowing  in  the  system,  T0  is  the 
temperature  of  the  heat  reservoir,  and  A Smai  is  the  total  change  in  entropy  for  the 
actual  process. 

Heat 

Heat  is  energy  in  transit  from  one  body  to  another,  and  it  flows  from  a  higher 
to  a  lower  temperature.  The  rate  of  heat  transfer  is  proportional  to  the  local 
temperature  gradient,  and  the  proportionality  constant  is  the  thermal  conductiv¬ 
ity.  Like  work,  it  only  exists  in  transit  between  a  system  and  its  surroundings,  and 
a  body  does  not  store  heat  but  stores  internal,  kinetic,  and  potential  energy. 
Joule’s  experiment  demonstrated  that  work  was  quantitatively  converted  to  heat, 
and  this  heat  increased  the  internal  energy  of  water  in  the  experimental  apparatus. 
This  experiment  provided  a  basis  for  the  first  law  of  thermodynamics. 

The  first  law  of  thermodynamics  for  a  closed  system  (nonflow  process)  is 
given  by: 

A  U  =  Q-W  (22) 

There  are  three  cases  that  can  be  considered  for  heat  being  added  to  a  closed 
system.  They  are  a  constant  volume  process,  a  constant  pressure  process,  and  a 
constant  temperature  process. 

For  a  nonflow  constant  volume  process,  heat  added  to  the  system  is  given  by 
the  change  in  internal  energy  of  the  system.  No  work  is  performed  (W  =  0),  and  Eq. 
(22)  becomes: 

Q  =  AU  =j£  CAT  =  <WI*  ~ r<>  (23) 

where  the  change  in  internal  energy  A U  is  given  in  terms  of  the  heat  capacity 
at  constant  volume. 

For  a  nonflow  constant  pressure  (isobaric)  process,  heat  added  to  the  system 
is  given  by  the  change  in  enthalpy  of  the  system  from  the  first  law  of  thermody¬ 
namics,  i.e.,  in  Eq.  (22)  W  =  PAV,  and  A H  =  A U  +  PAV  to  have  AH  -  Q. 

Q  =  AH  =  CpdT  =  Cp  avg(T2  -  T, )  (24) 

where  the  change  in  enthalpy,  AH,  is  given  in  terms  of  Cp,  the  heat  capacity  at 
constant  pressure.  This  equation  is  used  to  analyze  calorimetry  data  to  measure 
heats  of  reaction. 

For  a  nonflow  constant  temperature  (isothermal)  process,  heat  added  to  the 
system  Q  is  equal  to  the  work  done  by  the  system  W  from  the  first  law  of  thermo¬ 
dynamics,  i.e.,  A U  =  0  in  Eq.  (22).  For  an  ideal  gas,  the  amount  of  heat  trans¬ 
ferred  was  given  by  Eqs.  (13)  and  (14),  combined  as: 
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Q  =  RT  ^  (VW,)  =  RT  In  (P}/P2)  (25) 

Sensible  heat  is  heat  causing  the  temperature  change  in  a  system  given  by 
either  Eq.  (23)  or  (24),  and  does  not  include  heat  from  phase  changes,  chemical 
reactions,  or  concentration  changes.  Latent  heat  is  the  heat  transferred  at  con¬ 
stant  temperature  to  a  substance  undergoing  a  phase  transition,  such  as  being 
vaporized  or  liquified. 

In  summary,  work  and  heat  are  energy  in  transit;  when  work  is  done  on  a 
system,  it  appears  as  an  increase  in  energy  of  the  system.  Likewise,  when  heat  is 
transferred  to  the  system,  it  appears  as  a  form  of  energy  in  the  system.  Various 
equations  were  given  to  compute  work  and  heat  transferred  for  closed  and  steady 
state  flow  systems  in  typical  applications. 
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Step-by-Step  Solutions  to 
Problems  in  this  Chapter, 
“Work  and  Heat” 


WORK  INTERACTIONS 


•  PROBLEM  2-1 


A  ball  falling  in  a  vacuum  requires  1  second  to  reach  the 
ground.  Can  adiabatic  work  interaction  be  considered  during 
the  first  0.5  sec  of  the  fall  when  the  ball  is  chosen  as  the 
system? 


Solution:  Since  the  weight  is  falling  in  a  vacuum,  it  does 
not  affect  its  surroundings  in  any  way.  There  is  no  external 
effect,  and  so  the  interaction  is  not  adiabatic  work. 


•  PROBLEM  2-2 


A  falling  weight  is  used  to  operate  a  generator  as  shown  in 
the  figure.  The  power  generated  is  converted  to  heat  by  a 
resistor.  Can  this  be  considered  an  adiabatic  work  inter¬ 
action?  Neglect  all  losses  in  the  process. 


Solution:  The  process  can  be  divided  into  two  systems  as 

shown  in  the  figure.  The  external  effect  to  system  A  is 
system  B,  where  the  weight  falls  and  operates  a  generator. 

Let  system  A  be  inversed  by  replacing  it  with  a  motor  having 
a  weight  attached  to  its  shaft.  Then  system  B  can  be  made 
to  undergo  the  same  process  where  its  external  effect  will 
be  an  equivalent  rise  in  the  level  of  the  weight.  Since  the 
inverse  is  possible,  this  example  is  an  adiabatic  work  inter¬ 
action. 
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WORK  DONE  ON  THE  MOVING  BOUNDARIES 
OF  A  SYSTEM 

s 

•  PROBLEM  2-3 

The  figure. shows  a  chamber  containing  0.04  m3  of  a. gas.  The 
initial  pressure  which  is  supplied  by  weights  on  the  piston 
is  200  kPa.  Keeping  this  pressure  constant  the  chamber  is 
heated  until  the  volume  of  the  gas  is  0.1  m3.  Considering 
the  gas  in  the  chamber  as  a  system,  a)  calculate  the  work 
done  by  the  system. 

While  heating  is  going  on,  weights  are  removed  from  the  piston 
in  such  a  way  that  the  relation  between  pressure  and  volume 
is  given  by  the  expression 

b)  PV  -  constant  =  PiVj  =  P2V2 

c)  PV1*-3  =  constant. 

Calculate  the  work  done  in  both  cases  if  the  initial 
conditions  are  the  same  and  the  .final  volume  is  0.1  m3. 

d)  Let  the  piston  be  fixed  so  that  the  volume  remains 
constant.  For  the  same  initial  conditions  calculate  the  work 
done  if  heat  is  removed  from  the  system  and  the  pressure 
drops  to  100  kPa. 

'nr  . 

Solution :  a)  Since  the  pressure  is  constant 

*  f  c  i 

f  iW2  =  j2  6W  =  j2  PdV 

1  t 

=  P(V2-V!) 
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XW2  =  200  kPa x  (0.1  -  0. 04  )m 
=  12.0  kJ 

The  work  done  by  the  system  =  12.0  kJ 


b)  Determine  the  final  pressure  first. 

PiVi 


p2  = 


=  200  x 


0.04 

0.10 


=  80  kPa 
iW2  =  2pdV 

*  -  i 

Piyi 

Subst i  tute  P  -  constant/V  =  - -r  into  this  equation. 


^  ^  =  P^!  In  — 

i  V  V 


iW2  -  PiV, 

'i  v 

.  •  <i  '  ■ 

=  200  kPa x  0.04  m3  x  In 
=  7.33  kJ 

The  work  done  in  this  case  =  7.33  kJ. 


i 

0.10 

0.04 


c)  First  solve  for  the  general  case  of  PVn  constant 


PVn  =  constant  =  P\Vin  =  P2V2n 


_  constant  _  PjVx 
Vn  Vn 


n 


=  P2V 


2*2 
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1W2  =  P2V2  ~  PlVl 
1  -  1.3 


_  60.77  x  0.1  -  200  x  0.04 
1-1.3 

I. 

•  "  '  ='6.41  kJ  f 

The  work  done  for  this  case  =  6.41  kJ. 

d)  Since  6W  =  PdV  r  , 

for  a  quasiequilibrium  process,  the  work  is  zero,  because  in 
this  case  there  is  no  change  in  volume. 


.  •  PROBLEM  2-4 

Air  inside  a  chamber  is  heated  from  an  initial  volume  and 
pressure  of  1.0  ft3  and  1500  psia  respectively  to  a  final 
volume  of  8.0  ft3.  Calculate  the  total  work  done  by  the  gas 
if  the  expansion  process  is  quasi-static  and  given  by  the 

relation  PV1*4  =  constant". 


Solution :  Since  the  process  is  quasi  static  the  work  done  by 

the  gas  is 
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Since  pV  =  constant, 


2- 

W 1  2  =  P 


constant 

P  “  v1*1* 


=  EXJLi_ 

yi»  *• 


Substituting  into  Eq.(l),  gives 


W12  =  constant 


dV 

V1*' 


constant  / i  —  i k v i*  i» 1 

“  1  -  1.4  tV2  ^  '  Vi 


_  Pivl-  f v  1  ~ l* 4  -  v1-1,4  ) 

1  -  1. 4  V  2  1 


(1500  x  144X1. 0)1,4,oi~i.4  o1"1-4^ 

- 1  -  1.4  V 


=  305,000  f t-lbf .  .  •  \ 

The  total  amount  of  work  done  by  the  gas  is  305 , 000 f f t-lbf 


*  •  PROBLEM  2  -5 


A  liquid  is  compressed  isothermally  inside  a  chamber.  Obtain 
an  expression  for  the  total  amount  of  work  required' if  the 
compression  process  is  quasistatic  and  is  given  by  the 
equation 

In  f  =  -A(p  -  p0 ) 

V°  i,  -  ’  t 

where  A,  V0  and  p0  are  constants. 


Solution:  Since, the  process  is  quasi-static,  the  work  done  is 
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2 


Since  In  (V/V„)  =  -A(p  - 


w  = 
Po  )  . 


( 


p  dv 


dV  =  -AV  dp. 


Therefore , 

2 

W  =  -A  [  Vpdp. 

1 

To  perform  the  integration,  the  expression  for  V  has  to  be  a 
function  of  p.  ‘ 


In  general,  the  volume  of  a  liquid  is  not  sensitive  to  a 
change  in  pressure.  Hence,  assuming  constant  V  in  the 
integration, 


W  =  -AV 


P  dp 


:■? 


Pi 


). 


Since  A  and  V  are  positive  quantities,  W  will  be  negative  if 
p 2  is  greater  than  pi .  This  is  consistent  with  the 
convention  that  work  is  done  to  a  system  in  a  compression 
process.  The  values  for  A  and  V  will  be  different  for 
different  substances. 


•  PROBLEM  2-6 


A  container  with  a  plunger  compresses  one  Ib-mol  of  an  ideal 
gas  from  1  atmosphere  pressure  to  10  atmospheres.  Calculate 
the  amount  of  work  done  if  the  process  is  considered  to  be 
polytropic.  ''  Assume' the  temperature  to  be  273°K  and  k  for 
the  process  to  be  1.4.  All  losses  are  neglected. 


Solution:  Determine  the  initial  volume  of  the  gas,  from  the 
ideal  gas  equation  of  state. 


nRT 

P 


r 


(1) 


Convert  all  units  to  Ib-mol,  lb  ,  ft,  and  °R.  In  these 
units:  1 


n  =  1  lb-mol 

R  =  1545  ft-lbf /lb-mol°R 
T  =  273°K  =  492 °R 
• . P  =  1  atm  =: 2.12  «  10 3  lbf/ft2. 
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Therefore  1  '  ' 

■  i  *■ 

1  x  1545x492  ( lb-mol ) [ f t-lbf / ( lb-mol°R) ] ( °R) 

V  2.12  x  103  (lbf /ft*) 

or  I  • 

V  =  359  ft3 

The  constant  K  for  the  polytropic  process  can  be  calculated 
from  the  initial  conditions 

i 

'  K  ;=-PiVik 

=  ( 2 . 12  x  10 3  )  C  359  )  1*4 
;  7.85  x  10  6 


Assuming  that  the  compression  occurs  without  acceleration  of 
the  piston,  the  following  equation  can  be  used  to  calculate 
the  work  of  compression 


W 


rV2 

Vi 


P  dV 
.sys  |  sys 


J  / 

The  pressure  of  the  system  and  the  volume  are  related  by 
polytropic  conditions. 


(2) 


the 


Therefore 


P 

sys 


■ 


W  = 


Vi 


sys 


dV  =  K 
sys 


V2  dV 


sys 


Vi  y 


sys 


for  k  ^  1.0  the  integral  becomes: 

V2 


W  = 


K 


1  -  k  W 


i-k, 


K  k-x  k-  i 
—  [V?  V-  Vj.  3 


1  -  k 


This  expression  may  be  simplified  as  follows: 


1  k- 1 

W  -  -j-i-gt  KV? 


KVi  X]  = 


1  -  k 


[PzvM'1  -  PiViVi  l] 


or 


W 


2 _ " 

1  - 


1^] 
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All  that  is  needed  to  allow  evaluation  of  W  are  the  final 
conditions.  The  final  pressure  is  specified  to  be  10  atm 
or  2.12  x  10U  lb^/ft2.  The  final  volume  is  obtained  from  the 

polytropic -relation: 


_/  K\/k  _  (  7.85  x  106\1/1,‘*  ..  j  -  „o  c  .. 

-(pi)  =  ft  -  68'5  ft 


Thus 


or 


W  = 


(2.12  x  101* )  (  68 . 5 )  -  (2.12  x  103)(359)' 
(1  -1.4) 

W-=;-1.73x  IQ6  f  t-lb 


n  lb 


— -  ft 3 
ft2 


where  the  negative  sign  indicates  that  work  is  required  to 
perform  the  compression. 


•  PROBLEM  2-7 


A  vessel  with  a  piston  contains  one  pound  mole  of  an  ideal 
gas.  The  gas  is  expanded  at  a  constant  temperature  of  100°F 
from  20  atm  pressure  to  5  atm.  Assuming  losses  to  be 
negligible,  calculate  the  work  done  for  the  following  cases: 

a)  The  expansion  rate  is  large  against  a  pressure  of  1  atm. 

b)  The  expansion  rate  is  negligible. 

c)  The  expansion  rate  is  so  large  that  it  approaches 
infinity. 


Solution :  a)  The  resisting  pressure  is  1  atm. 


W  = 


r  2 


P  dV 
r 


=  pr  (V2  -  Vx) 


-  PrRT 


(A  -  A). 


=  [  (14. 7)(144)  J  (0.73X460  +  100)  f-  -  ~1  — 3 - 

L5  2 0 J  778 

=  166.7  Btu/lb  mole 


b)  Since  there  is  hardly  any  rate  of  expansion,  i.e.  the 
resisting  pressure  is  equal  to  that  of  the  system,  therefore 
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A  vessel  with  a  frictionless  piston  contains  1  ft3  of  a  gas 
at  200  psia.  The  piston  is  held  in  position  by  applying  an 
external  force.  Calculate  the  amount  of  work  done  if: 

iji 

a)  This  external  force  is  -released  gradually  until  the 

volume  is  doubled  in  such  a  way  that  PV  is  always  a 
constant.  .  ^  r 

i  '  *■  fe’  : 

b)  If  the  external  force  is  released  suddenly  to  half  its 

initial  value.  ,i! 


Solution : 
and 


Since 


and 


But 


a)  The  process  carried  out  is  a  reversible  one , 
rV2 

W  =  P  dV 

JVi 

...  ^  f.  -  - 

PV  =  kCconst)  *  ;  P  =  — 


r  k  =  PV  =  PiVi  =  (200)  ( 144)  (  1 )  =  28 ,800  j(  f  t.-lbf ) 

V i  =  l(ft)3  and  V  2  =  2(ft)3 

Therefore 

W  =  28,800  In  2  =  19 , 930( f t-lbf )  '*  '  ' 
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The  final  pressure  will  be 


P2  =  =~-  *  — =  14,400<lb,)/(ft)2  or  lOO(psia) 

V  2  ^  X 

b)  The  force  exerted  is  constant  and  is  equal  to  a  pressure 
of  100  (psia).  After  half  the  initial  force  has  been 
removed,  the  gas  will  undergo  a  sudden  expansion.  Eventually 
the  system  will  return  to  an  equilibrium  condition  identical 
with  the  final  state  attained  in  the  reversible  process. 

Thus  AV  will  be  the  same  as  before,  and  the  net  work 
accomplished  will  equal  the  equivalent  external  pressure 
times  the  volume  change,  or 

W  =  (100)(144)(2  -  1)  =  14,400(ft-lbf ) 


This  process  is  clearly  irreversible,  and  compared  with  the 
reversible  process  is  said  to  have  an  efficiency  of 


14,400 

19,930 


=  0.723  or  72.3  percent 


•  PROBLEM  2-9 


A  cylinder  with  a  frictionless  piston  contains  0.05  m3  of 
gas  at  60  kPa.  The  spring  holding  the  piston  is  now  in 
tension.  The  cylinder  is  heated  until  the  volume  rises  to 
0.2  m3  and  pressure  rises  to  180  kPa.  Assuming  no  losses 
in  the  system,  and  the  force  on  the  spring  to  vary  linearly 
with  length,  compute  a)  the  amount  of  work  done  by  the  gas. 
b)  the  amount  of  work  done  if  the  system  consists  of  the  gas, 
the  piston  and  the  spring.  Assume  Patm  =  lOOkPa. 


Solution :  a)  The  spring  is  in  tension  in  this  case  because 
the  weight  of  the  piston  acts  downward  when  the  atmospheric 
pressure  is  greater  than  the  internal  pressure'.  It  is  given 
that 


Also 


F 

spring 


kx 


(linear  variation) 


(1) 


From  Eq.  (1)  it  is  obvious  that  the  pressure  also  varies 
linearly  with  displacement. 

Hence  in  the  evaluation  of  the  work  done  by  the  system,  the 
pressure  can  be  taken  as  the  average  of' the  initial  and  final 
pressures . 


The  work  done  is  - 


Wl2 


(2  -•  '  ’•  5 
[  PdV 

-  Vl] 


b) 


=  (180^60 )[^2  _  o.05] 

=  18  kJ 

(Vi  € 

W12  =  PdV 

Vi  ...  VSf 

{it  V 

=  P(V2  -  Vi) 

=  100(0.2  -  0.05)  =  15  kJ 

.a.  <•  <<  •  -R 


•  PROBLEM  2 -10 


A  container  having  an  area  of  1  ft2  and  a  volume  of  5  ft3 
holds  2  ft3  of  an  ideal  gas  at  a  pressure  of  10  atm.  An 
external  force  is  applied'  to  keep  the  1440  lb  piston  in 
position  in  the  container,  which  is  open  to  the  atmosphere 
of  1  atm,  pressure.  When  the  external  force  is  released 
the  piston  rises  frictionlessly  up  the  container.  The  gas 
in  the  container  is  always  kept  at, ( the  same  temperature. 

a)  What  will  be  the  velocity  of  the  piston  as  it  moves. 

b)  What  is  the  total  vertical  displacement  of  the  piston. 


Solution:  The  effective  pressure  of  the  surroundings  is 
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p  _  p,  <  +  weight  of  piston 

surr.  atm  .  area  of  piston 


=  14.7  psia  + 
*.  « 

-  24.7  psia. 


1440  lbf 
144  in  2 


To  obtain  the  total  work  done  by  the  gas  on  the  piston  and 
atmosphere,  use  the  equation  for  the  work  done  during  an 
isothermal  expansion, 


But 


i  i. 


W  =  nRT  In  -ZZ 
Vi 


'  nRT  =  P1V1 
W  =  (10  atm x 2  ft3)  In 
=  18.4  atm  ft 3 

Tj  ■ 

=  3.88  x 10“  ft-lb^ 


5.0 

2.0 


From  this,  a  certain  amount .must  be  used  to  move  the  effective 
surrounding  pressure. 


W  = 
s 


A  ( 


dV  ^ 
s  sys 


lb. 


=  24.7  ■—  x  3  ft 3 
in2 

=  1.07  x  10“  ft-lbf 

(3.88x10“  -  1.07x10“)  =  2.81x10“  ft-lb. 

i  *  V  .  '  -  *  : 

of  energy  is  used  to  accelerate  the  piston. 


The  change  in  kinetic  energy  of  the  piston  is  2.81x10“  ft-lb^ 
which  means  that  ,  . 


‘  2 
y 


,1\  =  2,81  x  10».  ft-lb. 

\2l  S,  f 


;  i 


^1)  ii|0_^bm_sec2  V2  =  2>81  x  io4  ft^ibf 

.If  l  -  .  ■ 

V2  =  1255  -ft2 /sec2 

*  V  =35.4  ft/sec  .* at  the  container  exit. 


or 


44 


/b)  At  the  highest  point  or  maximum' .rise  of  the  piston  , 
potential  energy  =  kinetic  energy 'imparted  to  it.  ..  At 
the  maximum  height 


^  4  v--. 


v"  * . 


1 PE  =  >WZ '  ,i  ■  \ 

gc  •  * 

=  2.81  x'101*’  ft  A-  lbf 
weight  ="1440  fb^  1  \  *'  * g’: , 


>■■*1 


max 


2.81  x  IQ 

1440 


•1*  * 


=  19.5  ft  above  the  top  ..of  the 
container. 


4 do.  *.:■& 


•  PROBLEM  2-11 


An  elastic  balloon  filled. with  Hydrogen  gas  has  a  diameter 
of  0.3m  and  an  internal  pressure  Of  150  kPa.  .  The  gas  is  then 
heated  as  shown  in  the  figure  to  a  diameter  of  0.4m  and  a 
pressure  of  200  kPa.  During  the  process,  the.  .pressure  is 
proportional  to  the  balloon’s  diameter.  Calculate  (a)  the 
work  done  by  the  gas  during  the  process,  >(b)  the  Work  done 
by  the  balloon  on  the  atmoshere.  Assume  atmospheric  pressure 
to  be  100  kPa. 


A,  V4"  -  v-  - 

■  i  •  ./  t-. , 


(a)  ,  **#(b)  ■ 

•,  ;  ....  ;  ..  .  ’  .4'  ’  W  i 

Figure.  'Inflation  of  an  elastic  balloon:  (a) schematic,  (b)P-V  diagram 


Solution :  (a)  First  the  initial  and  final  volumes  of  the 
balloon  must  be  calculated,  usingfthe  equation 


^5 


v  V  -=  l  ,TTr3'  =  '  iLTTd: 

J  *•  ♦  *  3  »: ...»  ■  6 


Hence 


1  *•  (1) 
X  *•  * 

'.j  ,.  •«  **■ 


.  Vi  =  i  x  3. 1416 :x  (0.3) 3'  =  0.0141  m3 
6 

V2  =  1  X  3.1416  x  (0.4) 3  =  0.0335  m3 
6 

The  work  done  by  the  gas  is  represented  by  the  area  under  the 
curve  in  Fig.  1(b).  »  '  ’*  '  , 


Wi2  = 


And 


PdV 

},l-; 

.€  .< 


P  =  Const  x  d  =  const 


-[?] 


where  d  is  the  diameter  obtained  from  Eq.  (1) 

*  *  ft  *  Q- 

but  —  .-is  also  a  constant  and  4.-  ■ 

.  *"  1.'  .  "v  1/  t  !>  ■  X 

:■■■■'  .  ..  ,.,.p;=  C  x  (V)  •  .  V  ,,  „  - .  £■  .  f! 

I  i-rA  •  >  r  -•  i?  *  Of  .  #  • 

where  C?isAa  general. 'constant  for  - the  equation  . 

m  v  \  . 

Solving  jfor.C  obtain  *  ^  '  <  .  *  ** 

.(■  ,  t,  «l  1!  ,* 


C.  = 


Pi 


P  2 


(Vl)  V3  (V2  )  V3 


(2) 


substituting  into  (2) 

rV; 


f  V  2  1 

w  =  C  V 

•VX  *  -  C  I  (V; 

•  .  \  4  ’  1—  • 


dV 


k  i  *  fc. 


V, 


V-'  .A  ■' 


-  (V 

/ 

[p2v2  -  P 1  v 2]  / 

••■=  3.438  kJ  V 


1 

4 


(b)  The:  pressure  this  time  is  constant,  'having  the  value 


P  .  =100  kPa 

*  atm  ~ 


From  part (a) 
*  < 


and 


Vi  -  0.0141m3,  V2  =  0.0335m3 

•~*r  .  f  . 


W 


»  -  f 


2  2 

PdV  =  P  f  dV 


tl  r  *  ^ 
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=  100  X (0.0335  -  0.0141)  =  1.94  kJ 


•  PROBLEM  2-12 


The  figure  shows  a  container  having  4kgs  of  saturated  water 
at  35°C.  It  also  has  a  frictionless  piston  with  a  cross 
sectional  area  of  0.06  m2  initially  resting  on  the  stops 
enclosing  a  volume  of  0.03  m3 .  To  raise  this  piston  against 
atmospheric  pressure,  a  pressure  of  300  kPa  has  to  be 
applied.  On  moving  the  piston  upwards,  it  will  encounter  a 
linear  spring  when  the  contained  volume  is  0.075  m3.  To 
deflect  this  spring  1  m,  the  force  required  is  360  kN.  If 
the  final  pressure  is  7  MPa,  determine 

a)  the  final  state  of  water,  and 

b)  the  work  done  during  the  process. 


Spring 


Solution :  a)  In  this  problem,  the  final  mass  inside  the 

container  will  be  the  same  as  the  initial  mass  since  no 
additional  mass  is  added  or  extracted  from  the  system. 

However  as  a  result  of  the  heat  transfer,  the  volume  changes, 
and  hence  the  specific  volume  also  changes  and  will  be 
different  at  the  final  state  from  that  at  the  initial  state. 
In  order  to  calculate  the  final  specific  volume,  the  final 
volume  of  the  container  must  be  found  first. 

The  final  volume  is  (3  denotes  the  final  state) 

V3  =  V2  +  AAh  (1) 


4? 


where  Ah  is  the  height  the  piston  moves  after  it  touches  the 
spring. 


Then  from  the  following  equations 

*  ..  X  F  -  AAP 

and  f  #.  i ,  . 

ff.;  i  ii  '  v 

;  £  *.(  (■  F  =  kAh  „  where  k  =  spring  constant 


a  relation  for  Ah  can  be  obtained  in  terms  of  the  pressure 
(P)  and  area  (A)  as  * 


(2) 


since  the  spring  is  linear,  the'force  will  be  linear  which  in 
turn  implies  that  the  pressure  in  going  from  state  2  (just 
before  it  touches  the  spring)  to  the  final  state  3,  will 
change  linearly.  Thus, 


AP  -  P3  -  P2, 


and  Eq .  (2)  will  become 


Substituting  the 
gets 


"  A 2  (Ps  -  P;  ) 
At!  -  . - k - 


t 


above  relation  into  Eq.  (1)  and  solving, 

2/P3  -fP2 


V3  =  V2  +  A 

.1  ' 


i 


=  0.075  +  .(0.06)2("7>0°g~30° 


one 


=  0.142  m3. 


Solving  for  the  specific  volume  at  the  final  state 


v3 


V 3  =  0.142 
m  4 


0.0355  m3/kg. 


From  the  steam  tables  at  P  =  7  MPa,' 

-  vCT  =  0^02737  m3/kg. 

t  .  B  j 


v 3  =  0.0355  m3 /kg  >  vg  '  =  0.02737  m3/kg 

the  final  state  lies  in  the  superheated  region.  The  process 
can  then  be  plotted  on  a  pressure-volume  diagram  as 
illustrated  in  Figure  2. 
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?•  ‘  '  t . »  i  ,  .  -v  ..  .  .  .i 

because  the  pressure  is  constant  from  state  1  to  state  2  as 
shown  in  Fig.  2.  '  • 


However,  in  going  from  state  2  to  sfate  3  the  pressure  varies. 
Since  this  change  is  linear  the  pressure  can  be  assumed  to  be 
the  average  of  the  pressures  at  state  2  and  state  3.  The 

°  .  V„  •  *  '  *  >•  sjif  1  -<1  -  *"■  •  "■* 

work  done  is  —  '  . 


23 


i[ 


3  Pi 

PdV r =  ^L 


+  P- 


rV 


2  # 


dV 


•*# 


/5) 


substituting  (4)  and  (5)  in  Eq.  (3), 


f  V  2  p 

W^3  =  P  dV  +  i-i 

„t  P2 
2 

fV3 

dV 

i.i  : 

^  .  JVi 

v2 

=  P(V2  -  Vx) 

+;lPa  o  P*  ;(v3  -  v2) 

- 

¥■•  H"  ‘ 

=  300  (0.075-0.03)  i  7000+300  (Q 

.  :•  .  £  •-  c  k‘:- 

-r '  '  •’  .  \r 

*1420-0.075)’ 

*  •"  S? 

=  258.05  kJ 

i  ; 

+  *-•  ,:V  v  X? 

'»  -J  •  ?!> 

Note  that  the  work  could  have  also  been  calculated  graphically 
from  Figure  2,  by  calculating  the  shaded  area  under  the  curve. 
The  procedure  would  be.  tu  i;;r  «*  /!'’  '*  •*<.■•?  ‘  ^ 

(1)  Calculate  the  area  of  the-rectangle  ;12V1V2 .  t 

Calculate  the  area  of  ithe  rectangle  22 '  V2V3 . 
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C  2  ) 


(3)  Calculate  the  area  of  the  triangle  232'.'  v 

(4)  The  total  work  is  the  sum  of  the  above  three  areas. 

/W  \  I 

This  value  will  be  identical  with  the  one  obtained  earlier 


V  -  ^  TV  '  , 

WORK  FOR  PARTICULAR  PROCESSES 

* 

•  PROBLEM  2-13 

How  many  joules  are  equivalent  to  one  l'it-atm  of  work?  1 


*  £ 

Solution :  For  76. 00- cm  column  of  mercury  (density  = 

13.596  gm/cm3)  supported  by, the  atmosphere, 

■t.  " 

M/A  =  (76  cm)(13.6  gm/cm3)  =  1033  gm/cm2  =  1.033  kgm/cm 

*  -  *  -t  3.  .  h  S'*  i  ■■  ...  ..  .  ,  , 

Hence 

1  =  Mg/A  ='(1.033  kgm/cm2 ) (9. 81  meter/sec2) 

w  *  :*• x  -t-  ;••• '  ‘  -v  <•  .  '•  ■>,.'»  %  *1 

‘  j?  '  .  y  ■  -r  ^ 

=  10.13  kgm-meter /sec-cm2  =  10.13  newton/cm2; 
and  one  lit-atm  will  represent 

PxAV  =  (10.13  newton/cm2 )(1000  cm3)  =  10130  newton-cm 
=  101.3  newton-meter  =  101.3  joule. 


•  PROBLEM  2-14 


Calculate  the  work ’done; by  a  perfect » gas  during  an  adiabatic 
frictionless  process  when  its  temperature  changes  from  200°F 
to  300°F.  The  molecular  weight  of  the  gas  is  34.0  and  the 
specific  heat  at  constant  pressure  is  given  by  the  expression 
Cp  =  0.212  +  0 . 000059T . 
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+  •  > 
*  »  -*v 


;  r-  -  .  ■’j*  *  '  ;j>% ' 

Since  the  process  is,  frictionless ,  heat  loss  *= 0 • 
Gas  constant  R  =  1.985  Btu/lb  mole°.Rt.  .  ...  ,  :* 

%  ■  -V  V  .  «i.  fc  i  ?  I  "  ■  ’  ’ -t  ■  •• 

Molecular  weight  =  34.0 


R  1.985 


=  0.058 


Work  done 


*  :«•  ,  *Ts.  % 


rT?  .  i  ,  .  . 

»  W  =  (  0 .  058  •  -  <  Cp )  dT  j**-  '  -  ^  •  ■-  "  ;*  ,  %  •><  . 

J-. Jti  =  *••«*-  •  '**>’  *'■* . 

(  760  -i  qoc  “  *’  ,T;  ***  ’ 

-  0.212  -  0.000059T)dT 

*••• % ;•  %*:►  >*y  ^ •* 

..  .r-  ■«  n&i  *■  ■= 


=  .  (-0..1536  -  0 . 000059T )dT  il’  , 

.  -660  ,  H  ••>  if- f  •  "3-  *•> 

=' (-0. 1536) (760-660) ‘ ( 0 - 0°0059 ) ( 760 2 -660 2  ) 

I* 'li  .  ^  4  s 


=  -15 . 36- -v  4 ♦ 19 


-  -19.55  Btu/lb. 


>«.:  .fc  '  .*  0 

V  ji  V-  *•*.,.  &-  ft  .  v 

r  44  •*  *  ? 


•  PROBLEM  2-15 


During  a  process  the .  volume  of  *a  unit  weight  system  changes 
from  5  cu.  ft  to  3  cu.  ft. (a)  'Calculate  the  work  done  for  this 

process  if  P  '  =  +  0.060  V3,., /.where  P  is  the  pressure  and  v 

is  the  specific  volume,  (b)  Also  calculate  the  work  done  for 
the  process  if  frictional  losses  are  neglected. 


Solution:  (a)  When  losses  are' taken  into  account  the  work 
done  for  a  process  which  involves  a  unit  weight  system  is 


- 

W  +  J  =  PdV 

-  _  rV 

■  v  - 


.y  =  5  ,  ’** 

B  (BOO  +  0060  V3 )dV 

V5  ■  •  '  . 


re  i  .  4,.’ 


■  .  i. 


=  500 (  1  n  3  -  In  5)  +  ° ’  °-°(  3 4 - 5  4  > 


fj  x  CO.  18 


1850) 


=  -48.8  Btu/lb 
W  =  (-48.8-  J)  Btu/lb. 


.st ,  ■  :• 


(b)  If  frictional  losses  are  neglected,  J 

v  •  -  f  j  w 


w  =  { 


PdV  =  -48.8  Btu/lb. 


•  PROBLEM  2-16 


An  air  compressor  compresses  air  from  15  psia  to  75  psia 
according  to  the  relation  PV1*3  =  constant  along  the  path 

of  compression.  . 

>  .  „  r  ■<; ,  o  -  i '  ; 1 1 

a)  Calculate  the  work  done  during  the  compression  process 
if  the  entrance  and  exit  velocities  are  assumed  to  be  the 
same . 

« ;•  ’  t  »0U>  '  4  < .  ,  ) 

b)  Also  calculate  the  shaft  work  of  the  compressor.  Take 
specific  volume  of  air  to^be  13.1  cu,  ft/lb. 


t  f .  rV  2  * 

Solution :  a)  The  work  done  w  =  ndv. 

.  jVi  "t 


Given 


pv1*3  =  C  =  p  i  v  j  =  p2v: 


(fl-  - 


P  -  ■  Cv-‘'S 


^  -J  .  ~  -1  •  i  1 . 3 

f  -PiVx  “P2V2 

■  —  .  .,.,r  -  ■  .  , 

*  *■  *  *  J'H.  •  .■  r  '■  •  »  « 

'  1  v  f 3  =f2A  v11‘3  *  “  V 

f  *  -V  .  ..T  ;  -  ,AP2/  .  I  *■  .  .  > 


-M”  * 


x  13.1  cu.  ft 


From  Eq.  (2) 


=  3.8  cu.  ft. 


fVz  —  j  • 
iW2  =  •  Cv  1*- 

'  Jy.  ?  1 


-  0.3  V  2 


V  2 

-0.3  Vx 
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From  Eq.  (1)  and  (4) 


w  =  P2V20  *  vl0-3  -  PiVi,J  X  v7 

.  „  -0.3 


"1.3  ^  •  '-0.3 


,  r 


=  P2V2  -  P1V1 
-0.3 


=  ^3  (15x13.1  -  75x3.3) 

-  ~144  x  88.5 
' "  •  0.3'  "  ;; 

♦  c-T  '•  <•'  •-•••  ' 

w =  -42 j 480  ft  lb  per  lb. 


b)  In  this  case  the  work  done  by  the  shaft  (Ws),.  i.e.  the 
power  required  to  drive  the  shaft  is  to  be  determined. 


■*n.  t 


Ws  ■  - 


pi.3  v  =  C 


1 

1 . 3 


1  _ i_ 

1.3  1,3 

(C)  (p) 


w  =  -c 

s 


1  fP  9  _  1 

1.3 


p  1,3  dp 


1.3  + 


=  _1  3  (  P..2-v..? . -..PXYjA 


=  -4.34  (p2v2  -  p 1 v j ) 
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=  122  x(-4. 34X75  x  3.8  -  15x13.1)  •* 

=  55224  ft  lb  per  lb. 

Due  to  losses,  the  work  done  in  each  case  is  not  the  same. 

f  '  <: 


,  .  -  :  •  PROBLEM  2-17 

0.1m3  of  a  ferromagnetic  substance  is  kept  at  a  constant 
temperature  of  4°K  while  the  magnetic  field  is  increased 
4  IT 

from  0  to  ^  weber/m2.  Obtain  an  expression  for  the  work 

required  if  the  substance  follows  the. Curie  equation  of 
state.  Assume  C  =  4tt  x  io9  weber  -  °K/amp-m. 

,  •  f  »  1  '  -  ■ 

Solution :  A  Curie  substance  is  any  simple  magnetic  substance 

obeying  the  equation  of  state  MT  =  CH  (1) 

*  ‘ 
where  M  =  mass 

T  =  temperature 

H  =  strength  of  the  applied  magnetic  field 
C  =  Curie  constant 


Unit  work  dW  =  VHdM 
Combining  (1)  and  (2) 


dW 

VT 

-  -  MdM 

*.  W 

=  1 

VT 

J 

Mi  T 

-  VlfM  ^ 
2CCM2 

MdM 

l 

-  Mz2) 


(2) 


_  (0.1)(4)(4'tt)2(102)  (m 3  )  (  °K  )  (webers  /m2  )  2 
(2)(4tt)(10~9)  L  ( webers- °K/amp-m) 


s(8x  106  )tt  webers-amp 
=  (8  x  ioE  )tt  N-m.  Y 
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•  PROBLEM  2-18 


Prove  that  the  work  required  to  stretch  a  wire  of  length  i 
within  the  elastic  region  is  given  by  the  equation 
W  =  -0. 5AEJt(  e ) 2 .  < 

A  is  the  cross  sectional  area  of  the  wire, 

E  is  the  Young’s  Modulus,  and  e  the  unit  strain. 


Solution:  From  Hooke’s  law 


stress  a  =  ^ 


where  T  -  tension  in  the  wire v 
From  the  definition  of  strain" 


Vde  =  -  . 

I*  xr 

where  6  -  deformation  of  wire  due  to  the  ..tension 
6  =  dL 

dL  r 

or  d£  =  —  t - 

1 

dL  =  2-de 

Solving  in  Eq.  (1)  for  the  tension  T  gives  .  ;  ' 

T  =  AEe  *  '  ...  ,  ( 

j  ' 

Hence  when  the  length  of  the  wire  changes  by  an  amount  dL, 
the  work  done  by  the  system  isv 

>;i  SW  =  -TdL  _ 

Substituting  Eqs.  (3)  and  (4)  into  the  above  equation 
6W  =  -AEeK.de  .  ,  f„ 

For  finite  changes 


2 

-  - 


AEe£de 


=  -  AE£  j  ede 
o 

_-AEfc(  e  )  2 
2 


=  -0.5  AE£( e ) 
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•  I- 


M  T  *  . 


•  PROBLEM  2-19 


An  18  inch  electrical  conductor  carries  a  current  of  20  amps. 
A  constant  force  moves  this  conductor  with  a  velocity  of 
20  ft/sec  orthogonal 1 y  across  a  magnetic  field.  Find  this 
force  and  the  rate  of  work  done  if  the  flux  density  is  2 
Webers/m  . 


Figure.  A  conductor  moving  in  a  magnetic  field 


t 

Solution :  Amperes  law  relates  a  force  to  a  movement  of 

charge.  If  a  charge  q  moves  with  a  known  velocity  v  and 
experiences  a  force  in  the  absence  of  an  electrostatic  field, 
the  force  is  then  due  to  a  magnetic  field  B  and  is  related 
by  the  vector  equation 

*  I.  .  *  ••  " 

F  =  qv  x  B  ( 1 ) 

However,  this  force  tends  to  create  a  current  flow  (i)  in  the 
direction  shown  in  the  figure,  because  the  force  has  the. 
tendancy  to  try  and  displace  the  charges  which  are  in  the 
conductor.  Considering  a  small  element  of  length  dl  on  the 
conductor, the  following  can  be  written. 

dqv  =  idt  =  idl , 

or  for  finite  changes 

qv  =  jidl  A  (  (2) 

Substituting  Eq.  (2)  into  Eq.  (1)  gives  for  the  force 

fL 

F  =  !  idl  *  B  =  -iBLi  (3) 
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The  rate  of  work  then  can  be  obtained,,  using  the  equation 

It 

W  =  F-V 

or  since  the  expression  for  the  force  is  known  (Eq.  3)  it  can 
be  substituted  into  the  relation  for  work.  Taking  the  dot 
product , 

W  = -(  iBLi ) * vi  f  -iBLv  .  (4) 

In  order  to  substitute  the  values  in  the-equations  and  to 
obtain  a  meaningful  answer  the  units  have  to  be  consistent. 
Therefore,  convert  all  the  units  into  one  system.  (The  S  I 
system  is  used  here.)  •  ^ 

1 

Hence 

L  =  18  in  x  2.540  t?-x  =  0:4572  m 

in  100cm 

v  =  25  x  30.48  T^x-Ani—  =  7.62  m/sec. 
sec  ft  100cm 

Substituting  L  into  Eq.  (3),  the  force  is  -t;  -> 

I  ^  "  *’  1  *■  >■*'  V'  '  ■  IP  li- 

F  =  iBLi  :  ,  i|' 

1!  I!l 

s.  =  (20  amp ) ( 2  Weber /m2  HO.  4572m)  - 

-  18.288  Newtons  ( in  x-direct ion ) 

In  this  problem  the  thermodynamic  system  under  consideration 
is  the  conductor  and  the  work  is  done  on  the  conductor  by 
the  magnetic  field.  Thus  the  work  done  on  the  conductor  by 
the  force  exerted  externally  on  it  is  th¥n  given  by; Eq .  (4) 
but  with  a  positive  sign.  ^  * 

Hence 

,,  .  ; 

w  =  +iBLv 


=  (20  amp)  (2  Weber  /m2  )(  0 . 4572m )( 7 . 62  m/sec.) 

t  L  .r  ?  ’ 

=  139.35  Watts.  .  i 


■it 

_  •  PROBLEM  2-20 

A  wire  frame  equipped  with  a  slide  wire  S  shown  in  the  figure, 
is  dipped  into  a  vessel  containing  soap ^ solut ion .  A  soap  film 
is  then  formed  by  moving  the  slide  wire  S  away  from  legb. 

Let  F  be  the  constant  force  applied  to  move  the  slide  wire, and 
o  be  the  surface  tension  of  the  soap  film. 

a)  Prove  that  the  work  done  to  overcome  the  resisting 

surface  tension  is  given  by  the  equation  W  =  of.b.  ’  i: 
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b)  Calculate  the  work  done  when  b  =,10  cm,  £  =  6  cm,  and 
a  =  25  dynes/cm. 


Solution :  When  the  wire  S  moves  along  the  frame  the  area 'of 
the  film  is  changed  and  work  is  done  on  or  by  the  film.  The 
work  is  done  as  a  result  of  the  pressure  that  is  being 
applied  because  of  the  force  F,  and  the  change  in  area. 

Thus  when  the  area  changes  by  an  amount  dA,  the  work  done  on 
the  system  is 

■  i  ..  v  i  "  .  : 

6W  =  PdA  (1) 

’  ,  I  1  "  t  .  t  .  . 

However  *  **  !  *•  ‘rTTi'_  F 

P  A 

'  ,  .  (  ?  v  ■  i 

where  P  =  pressure,  F  =  force,  and  A  =  area 
and  Eq .  (1)  becomes 

6W  =  |dA  (2) 

-  i  ■*  ' 

Also  using  T  =  F,  where  T  =  tension,  the  equation  for 
surface  tension  o is  ’  r 

T 

a  =  -jr  ■*  T  =  oA 

Eq .  (2)  becomes 

*  -  6W  =  odA. 

Since  the  force  applied  is  constant,  the  surface  tension  is 
also  constant.'  Thus  for  finite  changes  • 

W l 2  =  f 2 odA  =  o( A 2  -  Ax )  (3) 

♦  *  Jl 

where  Ai  =  0  (wire  is  initially  closed  l  =  0) 

H  * 

and  A 2  =  l' b  ‘ :  " 
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Hence  Eq.  (3)  becomes 


Wi 2  =  -b  =  oA  (4) 

b)  For  the  given  values  of  b,  i,  and  a  when  substituted  in 
(4),  the  work  is 

W  =  a • b  =  ( 25 ) ( 6 ) ( 10 )  =  1,500  dyne-cm. 


HEAT 


•  PROBLEM  2-21 

A  refrigerator  is  a  common  device  used  in  every  home. 
Examine  the  following  systems  regarding  the  direction  of 
heat  transfer. 

(a)  The  refrigerator  alone 

(b)  The  room  the  refrigerator  is  located  in. 


Solut ion :  (a)  In  order  to  keep  the  products  stored  inside  the 
refrigerator  at  a  lower  temperature,  heat  must  be  absorbed 
from  the  products  stored  (through  the  evaporator)  and 
rejected  to  the  atmosphere.  In  fact  this  is  the  principle 
for  a  refrigeration  cycle .  Therefore ,  as  far  as  heat 
transfer  is  concerned,  heat  is  transferred  from  the 
refrigerator  (the  system)  and  thus  Q  -  -Q. 


( b)  From  the  statement  made  in  part (a ) ,  heat  is  rejected  from 
the  refrigerator  to  the  room.  The  heat  transfer  is  done 
through  the  condenser  which  is  so  arranged  that  the  air  in 
the  room  flows  past  the  condenser  by  natural  convection.  As 
a  result  of  that,  heat  is  added  to  the  room  and  the  heat 
transfer  is  positive  (Q  =  +Q)  for  the  system  under 
consideration.  This  explains  why  the  room  where  the 
refrigerator  is  usually  located,  is  always  warmer  than  the 
other  rooms. 


•  PROBLEM  2-22 


Calculate  the  heat  transferred  when  100J  of  work  is  done  on 
a  system  consisting  of  1  mole  of  an  ideal  gas.  At  constant 
temperature,  AE  =  0  for  the  expansion  of  an  ideal  gas. 
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Solution :  A  statement  of  the  first  law  of  thermodynamics  is 

expressed  as 


AE  = 


q  - 


w 


t 


.  .  . 

where  AE  =  change  in  internal  energy  of  the  system 

.  *  q  ;=  quantity  of  heat 
w  =  work  done 


In  this  problem,  work  is  done  on  the  system  and  so  w  is 
negative.  (Note  that  we  are  adopting  the  convention  that 
work  done  on  the  system  is  negative. )  Since  AE  -  0  for  an  , 
isothermal  expansion  of  an  ideal  gas, 

*  m  •  .••••«  AE  =  0  =  q  -  w 

"  .  ,  q  =  w 

or  ~  ‘  q  =  -100J 

As  a  result,  100J  of  heat  must  be  transferred  from  the  system 
to  maintain  isothermal  conditions. 


•  .PROBLEM  2-23 


mmmm 

,  ,  ..  . 

1  What  can  you 

say  about  the  following  statements 

if  one  has 

1  an 

adiabatic 

process  in  which  there  is, no  heat 

transfer 

I  between  the 

system  and, the  surroundings,  either 

because  the 

1  system  is  well  insulated  of -because  the  process 

occurs  very 

I  rapidly? 

•  •• 

1. 

q  =  +w 

2. 

V=  6  ; 

*  '  c  n  1  -  .  i  ‘  r  • 

•  ‘  J  ••  -  »  .  r  v". 

3. 

AE  =  q 

■  *  1  •  • 

•  i  1  .  i:  t.  • 

^  r 

>  - 

4. 

AE  =  w 

*  *  '•  , 

1  *  V  '  4  * 

* 

5. 

PAV  ’=  0 

.  ~  *  J.  /  ' 

Solution :  In  an  adiabatic  system  there  is  no  heat  flow  into 

or  out  of  the  system,  thus  q  =  0 

1.  *  This  statement  gives  q  to  be  +w  but  this  can  only  happen 

when  AE  =  0  since  for  instance  AE  =  q  -  w  for  isothermal 
expansion  of  an  ideal  gas. 

2.  Statement  (2)  is  correct  since  q  =  0  for  the  process. 

3.  This  statement  indicates  AE  =  q,  but  this  can  only  happen. 
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as  in  the  case  when  one  expands  a  gas  into  a  vacuum, 
when  w  =  0. 


4.  Since  AE  =  q  -  w, 

AE  will 

be  equal  to  w 

only 

when 

q  =  2w  so  that 

n 

AE  =  2w  -  w  =  w 

f 

i 

5.  AE  =  q  —  w 

V 

■ 

*) 

=  q  -  PAV 

. .  .Thus  for  PAV  to  be 

.zero AE 

must  be  equal 

-to  q 

such  that 

;  ”  AE  =  AE  -  PAV 

,  w  i. 

P  4 

> 

.  *  *, 

i-w 

PAV  *  0 

'  A  „  - 

X 

**  " 

i; 

*. 

T 

l 

1  0  1  *V 
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CHAPTER  3 


ENERGY  AND  THE  FIRST  LAW 
OF  THERMODYNAMICS 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  62  to 
150  for  step-by-step  solutions  to  problems. 


Forms  of  energy  include:  internal,  potential,  kinetic,  electrical,  chemical, 
mechanical,  magnetic,  and  nuclear.  The  first  law  of  thermodynamics  requires 
conservation  among  all  of  these  forms  of  energy  except  for  nuclear.  The  total 
quantity  of  energy  is  a  constant,  and  when  one  form  of  energy  disappears  in  a 
process  another  form  appears  simultaneously.  Analysis  of  energy  transformations 
with  the  first  law  of  thermodynamics  uses  a  system  and  its  surroundings,  and  a 
statement  of  the  first  law  is  that  the  sum  of  the  change  in  energy  of  the  system 
plus  the  change  in  energy  of  its  surroundings  is  zero,  i.e.,  energy  is  conserved. 
Heat  and  work  are  energy  transferred  across  the  boundary  between  the  system 
and  the  surroundings. 

There  are  two  types  of  systems,  closed  and  open.  In  a  closed  system  there  is  no 
mass  transferred  across  the  boundary  of  the  system,  and  the  mass  of  the  system  is 
constant.  All  of  the  energy  crossing  the  boundary  is  transferred  as  heat  and  work. 
Therefore,  the  total  energy  change  of  the  surroundings  equals  the  net  energy 
transferred  as  heat  and  work.  Closed  systems  usually  have  only  changes  in  inter¬ 
nal  energy,  and  the  first  law  of  thermodynamics  is: 

W  =  Q-W  (1) 

Closed  systems  are  also  called  nonflow  systems. 

In  Eq.  (1)  A JJ  is  the  change  in  internal  energy,  and  it  is  the  net  of  the  heat,  Q, 
and  work,  W,  transferred  to  or  from  the  system.  The  heat  transferred,  Q,  is  posi¬ 
tive  for  transfer  to  the  system  from  the  surroundings,  and  the  work  performed,  Wy 
is  positive  for  work  done  by  the  system  on  the  surroundings  by  the  usual  sign 
conventions. 

There  are  several  types  of  industrial  processes  that  can  be  analyzed  as  closed 
systems  with  the  first  law  of  thermodynamics.  These  include  constant  volume, 


62  -  A 


constant  pressure,  constant  temperature,  and  adiabatic  processes. 

For  a  constant  volume  process,  there  is  no  work  (W  =  0),  and  the  first  law  of 
thermodynamics,  from  Eq.  (1),  reduces  to  the  heat  added  to  the  system  being 
equal  to  the  change  in  internal  energy: 

Q  =  AU=f2  CvdT-CVimg(T2-T,)  (2) 

JT\ 

The  change  in  internal  energy.  At/,  can  be  evaluated  using  C  v>avg,  the  average  heat 
capacity  at  constant  volume  between  the  initial  and  final  temperatures,  Tx  and  T2 . 

For  a  constant  pressure  process  with  only  pressure-volume  work,  Eq.  (1)  can 
be  written  in  terms  of  the  enthalpy  by  combining  the  internal  energy  and  PV  work 
terms,  i.e.,  W  =  PAV  and  A H  =  A V  +  PAV  to  have  AH  =  Q : 

Q  =  AH  -  (f  CpdT  =  Cp<avg{T2  -  7i)  (3) 

JTX 

The  change  in  enthalpy,  AH,  can  be  evaluated  using  Cp>avgy  the  average  heat  ca¬ 
pacity  at  constant  pressure,  between  the  initial  and  final  temperatures,  Tx  and  T2. 

For  a  constant  temperature  process,  there  is  no  change  in  internal  energy  (A U 
-  0),  and  the  heat  added  to  the  system  is  equal  to  the  work  done  by  the  system, 
i.e.,  Q  =  W  from  Eq.  (1).  For  a  reversible  process  with  an  ideal  gas,  Q  and  W  can  be 
evaluated  using  dQ  =  dW,  dW  =  PdV  and  P  -  RT/V  to  obtain: 

Q=W=RT  \n(V2/Vx)  =  RT  In  (P,/P2)  (4) 

For  an  adiabatic  process  there  is  no  heat  transferred  between  the  system  and 
the  surroundings,  i.e.,  Q~  0,  and  Eq.  (1)  is: 

w°  AC/  =  CvdT  -  Cv  avg(T2  -  7J)  (5) 

In  an  open  system  there  is  a  transfer  of  mass  along  with  heat  and  work 
across  the  boundary  between  the  system  and  surroundings.  An  important  indus¬ 
trial  open  system  is  the  steady-state  flow  process,  where  there  is  a  steady  (time- 
independent)  flow  of  fluid  through  equipment  such  as  pumps,  compressors,  tur¬ 
bines,  and  heat  exchangers.  The  term  steady  state  means  that  conditions  through¬ 
out  the  equipment  do  not  vary  with  time  but  can  vary  with  positions,  and  the 
mass  flow  rate  is  a  constant.  In  an  open  system  there  can  be  changes  in  internal, 
kinetic,  and  potential  energy  along  with  the  heat  transferred  and  work  performed. 
The  first  law  of  thermodynamics  for  this  process  is: 

Auz 

AU  +  +  $Az  =  Q-W  (6) 

The  terms  on  the  left  side  of  the  equation  represent  the  change  in  internal,  kinetic, 
and  potential  energy  between  two  points  in  the  system  per  unit  mass  flowing 
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through  the  system,  and  these  two  points  are  usually  at  the  exit  and  entrance.  On 
the  right  side  are  the  heat  transferred,  Q,  and  work  performed,  W,  per  unit  mass 
flowing  through  the  system. 

The  equation  for  the  conservation  of  mass,  i.e.,  the  continuity  or  mass  bal¬ 
ance  equation,  is  required  with  Eq.  (6).  This  equation  states  that  the  mass  flow 
rate  into  the  system  at  point  1  is  equal  to  the  mass  flow  rate  from  the  system  at 
point  2,  and  the  mass  flow  rate  is  the  product  of  the  density  p,  cross-sectional  area 
A,  and  average  fluid  velocity  u : 

=  py42w2  -  constant  (7) 

For  example,  this  equation  is  used  to  compute  the  exit  fluid  velocity  u2  if  the  en¬ 
tering  velocity  Uj  and  cross-sectional  areas  A\  and  A2  and  densities  pj  and  p2  are 
known.  Then  the  kinetic  energy  term,  An2/2,  in  the  first  law  of  thermodynamics, 
Eq.  (6)  can  be  evaluated. 

The  work  term  W  in  Eq.  (6)  contains  the  shaft  work  and  pressure-volume 
work.  The  shaft  work  is  the  work  associated  with  a  shaft  crossing  the  boundaries. 
The  shaft  could  be  associated  with  work  to  or  from  a  pump,  compressor,  or 
turbine.  The  pressure-volume  work  is  associated  with  the  pressure  and  area  at  the 
entrance  and  exit  of  the  fluid,  i.e.,  P2V 2  -P\V\.  By  separating  the  shaft  work  and 
pressure-volume  work  in  Eq.  (6),  the  pressure-volume  work  can  be  combined 
with  the  change  in  internal  energy,  AC/,  to  form  the  change  in  the  thermodynamic 
property  enthalpy,  A H.  Consequently,  Eq.  (6)  can  be  written  in  a  more  conve¬ 
nient  form  for  analyzing  steady  state  flow  processes  as: 

A  2 

AH+  ~~  +  gAz  =  Q-Ws  (8) 

This  is  a  design  equation  which  can  be  used  for  industrial  equipment  such  as 
turbines,  compressors,  heat  exchangers,  nozzles,  ejectors,  etc. 

For  many  steady-state  flow  processes  the  changes  in  kinetic  and  potential 
energy  are  very  small  compared  to  the  other  terms  in  Eq.  (8),  and  this  equation 
can  be  simplified  to: 

A H=Q-WS  (9) 

Although  Eq.  (9)  appears  to  be  similar  to  Eq.  (1)  for  a  closed  or  nonflow 
system,  there  are  significant  differences.  For  example,  in  Eq.  (1)  AC/  is  the  change 
in  internal  energy  associated  with  the  mass  of  the  system,  while  A H  is  change  in 
the  enthalpy  between  two  points  per  unit  mass  of  fluid  flowing  through  the 
system.  Also,  in  Eq.  (9)  Ws  is  only  shaft  work,  i.e.,  the  PV  work  has  been  incor¬ 
porated  in  the  enthalpy. 

Important  industrial  applications  of  Eq.  (9)  include  the  design  and  analysis  of 
the  performance  of  turbines  and  compressors  which  are  operated  adiabatically  {Q  - 
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0),  and  for  this  equipment  AH  =  -Ws.  Also,  for  heat  exchange  no  work  is  per¬ 
formed  (W  =  0),  and  AH  =  Q  is  the  design  equation.  In  a  throttling  process  used 
to  liquify  gases,  fluid  flows  through  a  restriction  such  as  an  orifice  or  porous 
plug,  and  no  heat  is  transferred  ( Q  =  0):  Also,  no  work  is  done  ( W  =  0)  in  this 
process,  and  AH  =  0.  The  process  occurs  at  constant  enthalpy,  i.e.,  Eq.  (9)  is  AH 
-  0,  an  isenthalpic  process. 


In  summary,  the  first  law  of  thermodynamics  has  been  presented  for  closed 
or  nonflow  and  open  or  steady-state. flow  systems.  Special  cases  encountered  in 
industry  have  been  described  for  isothermal  aftd  adiabatic,  closed  and  open  sys-: 
terns;  equations  have  been  developed  that  apply  to  turbines,  compressors,  pumps, 
heat  exchangers,  nozzles,  and  ejectors.  f 
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>  t  r, 


r  ’  Step-by-Step  Solutions  to 
•'*  Problems  in  this  Chapter, 
“Energy  and  the  First  Law 
of  Thermodynamics” 


THE  FIRST  LAW  FOR  CONSTANT  MASS  SYSTEMS 

•  PROBLEM  3-1 


When  100  kJ  of  work  is  done  on  a  closed  system  during  a 
process,  the  total  energy  of  the  system  increases  by 
55.0  k J .  Calculate  how  much  heat  is  either  added  or 
removed  from  the  system? 


Solution :  In  accordance  with  the  principle  of  energy 

conservation,  a  net  energy  transfer  to  a  system  results  in 
an  equal  increase  of  internal  energy  stored  in  the  system. 
This  may  be  written  as 


Q  =  AE  +  W  (1) 

where  Q  is  the  heat  transferred  to  the  system  during  the 
process . 

W  is  the  work  transferred  from  the  system  during  the  process. 

AE  is  the  change  in  the  internal  energy  of  the  system  during 
the  process,  and  all  these  terms  are  expressed  in  the  same 
units . 

Eq .  (1)  is  the  usual  statement  of  the  First  Law.  It  says 
that  in  any  change  of  state  the  heat  supplied  to  a  system  is 
equal  to  the  increase  of  internal  energy  in  the  system  plus 
the  work  done  by  the  system. 

Considering  work  done  on  a  system  as  positive,  from  Eq.  Cl) 

Q  +  (+100.0)  =  +55.0 
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100.0 


Q  =+55.0  - 
=  -45.0  kJ 

From  the  result,  due  to  the  negative  sign, 45.0  kJ  of  energy 
in  the  form  of  heat  is  removed  from  the  system  during  the 
process. 


•  PROBLEM  3-2 


A  group  of  twenty  executives  attend  a  board  meeting  in  a 
room  which  measures  20  ft  by  20  ft  and  has  a  10  ft  ceiling. 
Assume  that  each  person  occupies  2.5  ft3  and  gives  out  about 
375  Btu  of  heat  per  hour.  Calculate  the  air  temperature 
rise  occurring  within  15  min  of  the  start  of  the  conference 
if  the  room  is  completely  sealed  and  insulated.  Take  c  for 
air  as  0.1715  Btu/lbm°F.  , 


Solution:  Take  the  air  in  the  room  as  a  thermodynamic 

system  and  assume  that  the  people  are  adding  heat  to  the  air 
in  a  constant-volume  process.  The  room  volume  is 

V  _  =  20  x  20  x  10  =  4000  ft3 
room 

The  volume  of  air  is  obtained  by  subtracting  the  volume 
occupied  by  the  people: 

Vo.  =  4000  -  ( 20) ( 2 . 5 )  =  3950  ft3 

all 

Assuming  that  the  constant-volume  heat-addition  process 
starts  at  standard  atmospheric  conditions  of  14.7  psia  and 
70°F,  the  mass  of  air  is  ^  ? 


_  _  £V  =  (14.7)(144)( 3950) 
RT  (53.35K530) 


295  lbm 


i. 

i) 


For  the  constant-volume  process, 


and 


AUV  =  mcvATy 


(1) 


The  change  in  internal  energy  of  the  air  is  equal  to  the 
heat  added  by  the  people,  since 


Q  +  W  =  AU  (2) 

and  there  is  presumably  no  work  done  on  the  air.  Thus 
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AU  =  ( 20 ) ( 375  )  =  7500  Btu/hr 


or ,  for  a  15-mi n  period , 

AU  =  (7500) *=  1875  Btu  v  ■  * 

‘  S  T  J„.  •  >  •  -*•  '  i  .  ‘ 

The  temperature  increase  is  now  calculated  from  Eq.  (1)  as 


AT 


AU 

me 

v 


_ 1875  _ 

(295X0.1715) 


37°F 


i.  *  '  | 

I  •  PROBLEM  3-3 


A  container  which  has  a  volume  of  0.1  m3  is  fitted  with  a 
plunger  enclosing  0.5  kg  of  steam  at  0.4  MPa.  Calculate  the 
amount  of  heat  transferred  and  the  work  done  when  the  steam 
is  heated  to  300°C  at  constant  pressure. 


'X  ' 


Solut ion :  For  this  system  changes  in  kinetic  and  potential 
energy  are  not  significant.  Therefore 


Q  -  m(u2-ui )  +  W 
2 

P  dV  =  P  [  dV  =  :P(V2-V1)"=  m(P2v2-PiVi) 


W 


dv  ■ p  (!■ 


Therefore 


Then 


Q  =  m(u2-ui)  +  m(P2v2-PiVi)  =  m(h2-hi) 


K-  :■ 


vi  «  ~  =  0.2  =  0.001084  +  x !  ( 0 . 4614 ) 


0.1 


0.1989 

Xl  =074614  "  0-4311 


1^  =  hf  +  Xlhfg  -  ■* 

=  604.74  +  0.4311  x  2133.8  =  1524.6 
h2  -  3066.8 

Q  =  0.5  (3066.8  -  1524.6)  =  771.1  kJ 
W  =  mP  ( v 2  —  v i )  =  0.5  x  400  (0.6548-0.2) 
=  •91.0  kJ 


Therefore 


U2-Ui=Q-W=  771.1  -  91.0  *  680.1  kJ 
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*  • 

The  heat  transfer  can  be  calcul ated  |j f rom  ui  and  u2  by  using 

-  i!': 

Q  =m(u2-ui)  +  W 

*  -  -  r  f  -  j  . .  -It  '  ■ 

“i  *  uf  +  xiufg 

=  604.31  +  6.4311  x  1949.3  =  1444.6  ' 

u  2  =  2804.8  *  ■!  : 

and  i!  t 

Q  =  0.5  (2804.8  -  1444.6)  +  91.0  =  771.1  kJ 


•  PROBLEM  3-4 


A  medical  ampule  containing  dextrose  (liquid  water)  at 
1000  psia,  100°F  and  having  a  volume  of  0.3  in3  is 
placed  in  a  cylinder  having  a  volume  of  1  ft3.  A  vacuum  is 
created  in  the  cylinder  and  the  capsule  is  broken.  Dextrose 
now  evaporates  and  fills  the  cylinder.  Calculate  the  final 
quality  of  the  water-vapor  mixture  in  the  cylinder  if  it 
reaches  a  final  equilibrium  temperature  of  100°F.  b)  Also 
calculate  the  heat  transfer  with  the  surroundings. 


Solution :  The  inside  surface  of  the  cylinder  is  chosen  as 

the  boundary  of  the  system.  This  surface  is  stationary  and  so 


0. 

From 

the  first  law, 

Q 

+ 

ii 

> 

G 

(1) 

Q 

-  AU  =  m( u  j-u j ) 

(2) 

V, 

:  =  0.3  in'.  3  =  1.735  x  10"4  ft3.. 

I1- 


Using  the  compressed-liquid  tables  for  water 

vx  =  0.016132  -  5.2  x  10"5  =  0.016080  ft3/lb 

m 

hx  =  67.97  +  2.64  =  70.61  Btu/lb 


Furthermore , 


Ul 


hi  -  PiVj  =  70.61 
67.64  Btu/lb 

m 


( 1000 ) ( 144 ) ( 0 . 01608) 
778 

:i-  * 

<i  ■  -  ..  * 

f.  • 


The  mass  of  water  is 
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1.735  x  10" V 
1.608  x  10“ 2 


0.0108  lb 

m 

t* 


The  final  specific  volume  is, 
V2  1 

V2  ,  m  t  0.0108 • 


thus , 

I 

j  i 

92.5  ft 3 /lb 
;  _  j  .  m 


,  r  .i 


The  final  state  is  determined  by  entering  the  steam 

tables  with  the  known  values  of  T2(100°F)  and  v2.  At  100°F, 

v  =  350.4  ft3/lb  ,  so  that  a  mixture  of  vapor  and  liquid  is  > 
g  m 

obtained # since „v 2  <  v  .  Thus,  ,  ,  r 

■  I  *  '  ■:  *  S  <  ••  ™  f 


V  2  -  V. 


+  X2V 


fg: 


Using  the  properties  from  the  saturation-temperature  table 


,  -  92.5  =  0.01613  +  x2 ( 350. 3 ) 

'  !  -  '  *  f  ti  .  i  '  .1 

and  .  1  „  t  1  ■  v  . 

J  ■  3  .  i  V  »•  •  -  > 

x 2  =  0.264  :  ,  ...  r 

-  *  -  4  ■ 

The  final - internal  energy  is  now  obtained  from  this  same 
table.  Since  internal  energy  is  not  tabulated  directly, 
use  the  relation  «j  J 

“  u 2  =  h 2  -  p2v2  v  (3) 


The  final 


enthalpy  is 
h2  4  hfz .  +  x2hfg2 . ; 


=  67.97  +  (0.264X1037.2) 
=  342  Btu/lb 

m  ,  • 


Then,  from  Eq.  (3),  since  the  saturation  pressure  is  0.9492 
psia  at  100°F, 


_  (0.9492X144X92.5)  . 

u2  =  342  - 778 - 

X  •  <  H  -  •  1-  '  4  '  -  -  * 

u 2  =  326  Btu/lbm 
*  m 

The  heat  transfer  is  now  calculated  using  Eq.  (2) 


Q  =  ( 0 . 0108 ) ( 326  -  67.6) 


*  =2.79  Btu  .  r  t  k 

The  oositive  sign  on  the  heat  transfer  indicates  that 
2.79’ Btu  of  heat  must  be  supplied  to  the  large  container  to 
maintain  the  vapor  at  100°F  during  the  expansion-evaporation 
process.  -  - 
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•  PROBLEM  3-5 


5  lbm  of  water  at  200°F  and  2  psia  pressure  is  heated  to  a 
temperature  of  1200°F.  Calculate  the  amount  of  heat 
transferred  at  constant  volume  by  s 

r: 

i  '  j? 

a)  using  the  steam  tables . 

b)  using  the  perfect  gas  approximation. 


Solution:  Define  a  control  mass  consisting  of  the  5  lbm  of 

water.  As  in  fig.  la,  energy  inflow  as  heat  will  be 
considered  positive,  and  there  is  also  no  work  involved. 

The  only  energy  possessed  by  the  system  is  its  internal 
energy  U,  so  the  energy  balance,  made  over  the  time  for  the 
state  change  to  take  place,  is 

Q  =  MJ  ' 

energy  increase  in 
input  energy  storage 


AU  =  m(u2  -  ui) 

where  ui  and  u2  represent  the  internal  energy  in  the  initial 
and  final  states.  * 

Idealise  that  the  substance  is  in  a  state  of  thermodynamic 
equilibrium  at  the  start  of  the  process  and  in  another  such 
state  at  the  end  of  the  process.  The  equation  of  state  for 
water,  treated  as  a  simple  compressible  substance  can  then 
be  employed.  For  the  initial  state/  from  the  steam  tables 


i 


=  2  psia 

u i  =  1080  Btu/lbm 

=  200°F 

.  ,V-  V  j  =  .198  ft 3 /lbm 

Fig.  lb  gives  the  process  representation  which  helps  in 
fixing  the  final  state  of  the  process.  From  the  steam  tables 
the  final  state  is 

t 

v 2  =  198  ft 3 /lbm  P2  =  5  psia  j =  * 
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1440  Btu/lbm 


"  -  •  *  T2  «=  1200°F  u 2  = 

Substituting  into  the  energy  balance 

t  T  » 

Q  =  5  Ibm  x  (1440  -  1080)  Btu/lbm  =  1800  Btu 

v'  •■••••  -  o'  u  ■ 

b)  The  energy  balance  is  the  same  (Fig.  1),  i.e. 


Q  =  m(u2  — u.  ) 

H2O  vapor  can  be  taken  as  a  perfect  gas,  with  c  =  0.336  Btu/ 
lbm~°R,  then  1 


U2-U1 

-  cv(T2-Ti>  =  0 

.336  x  (1660-660)  =  336 

Btu/lbm 

and 

-► 

/ 

Q  =  5  x  336. = 

1680  Btu  1 

Note  that  this  result  is  in  error  by  approximately  7  percent 
in  comparison  to  the  exact  value  previously  determined  as 

1800  Btu.  Now,  the  final  pressure  is  calculated  from  the 
equation 

Pv  =  RT 

:•  '•  i  *  -  -  1  V  ,  •  *  1 

which  gives  „  ..  „ 

.  f*’1 

(m  ■  ,  ' 

.  .  *  #  , 

(1) 

“ 

•  i  s 

P2.  _  t2. 

Pi  ~  T 1 

'  ”  —  *  «  ■  t 

i. 

«  « 

Hence , 

P  -  1660  X  ? 

Pz  660  *  2 

=  5.03  psia 

If  access  to  the  exact  property  tabulations  for  water  vapor 
was  not  given  the  speci f ic  volume  could  be  estimated  using 
equation  (1).  For  water  R  =  85.58  ft-lbf /lbm-°R.  Then  at 
state  1  -  ■  ‘ 


* 


Vi 


=*85.58 


•  (200  +  460) 
2  x  144 


196  f t 3 / lbm 


which  is- Within-  about  1  percent  of  the  tabulated  value. 


The  applicability  of  the  perfect  gas  approximation  can  be 
1  .■  *  py  * 

checked  by  computing  the  value  of  Z  =  ^  at  states  1  and  2. 

Using  the  state  data  obtained  in  part  (a) 

i  s!r'  « .*  ' 


PiVi  _  2  x  144  x  198 

RTi '  "  85.58  x  (200  +  460) 


=  1.01 
V- 


^  1  P2v2  _  5  x - 144  x:  198 

2  J'RT2  85.58  x  (1200  +  460) 


1.003 

♦ 


Note  that  both  values  are  very  close  to  unity.  Since  both 
states  have  the  same  density,  the  state  of  higher  temperature 
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(2)  should  more  closely  resemble  the  perfect  gas,  and  this  is 
indeed  the  case.  The  main  error  in  the  simplified  analysis 
is  not  the  assumption  that  Pv  •=  RT,  but  the  idealization  that 
cv  is  constant  over  the  wide  range  rof  temperatures  involved. 

"  1  *  \  ■'  - 

*  . 


•  PROBLEM  3-6 


Refrigerant  12  (Freon  12)  at  20  psia  and  30°F  is  , 
compressed  to  140  psia  and  150°F  during  a  compression  stroke. 
For  a  pound  of  this  refrigerant  (a)  calculate  the  work  done 
during  compression,  (b)  the  heat  removed  during  compression. 


Solution :  (a)  From  the  table  of  thermodynamic  properties  for 

refrigerant  12,  the  original  and  final  specific  volumes  are, 
2.0884  and  0.33350  cu  ft/lb  respectively.  For  the  process 


140  _  f 2 . 0884  \ 

20  yO . 33350 J 

or 

7  =  6.262n  and  n  =  1.0607 


The  work  of  compression  equals 


W  =  P-1V|£P1V!  =  -f!X'Q~67  (140  x  0.3335-20  *  2.0884) 

'  * 
or 

W  =  -11,670  ft-lb 


(b) 

u2-Ui  =  ^h 2  -  -  (  h1 


Then 


=  (95  ■  709-— 3335°)  -(81 . 842.144x20x2  ■  0884 
=  12.941  Btu 

Q  =  u2-Ui  +  j  =  12.941  -  —rffjp  =  -2.059  Btu/lb 


The  above  values  of  heat  and  work  are  approximate,  but  they 
are  the  nearest  values  obtainable  without  a  knowledge  of  the 
p  actual  compression  process.  $  ;  .»  »  -c  4 
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•  PROBLEM  3-7 


Heat  is  ! transferred  to  steam  at  50  Ibf  in  a  cylinder  having 
a  volume  of  2  "ft*.  The 'temperature  of  steam  rises  from 
300°F  to  500°F  while  the  pressure  remains  constant. 
Calculate  (a)  the  heat  transfer,  (b)  the  work  done,  and 
(c)  the  change  in  internal  energy  for  the  above  process. 
Assume  the  system  to  be  a  closed  one. 


Solution :  Since  the  system  is1  a  closed  one,  the  changes  in 

kinetic  and  potential  energy  can  be  neglected. 


Q  =  m(U2  -  ui)  +  W 


i  ,  .  W 


2  2 

P  dV  =  P-  dV  =  P(V2  -  VO  =  m(P2v2  -  PxVj) 
r  Ji  4  h  ■ 


Therefore 


Q  =  m(u2  -  u j )  +  m(P2v2  -  PiVx)  =  m(h2  -  hx) 

m  ■  £  “  8TT73  ■  °-228  lbm 
*  - 

hj  =  1184.3  h2  =  1283.9, 

Q  =  0.228(1283.9  -  1184.3)  =  22.7  Btu 


...  „ .  ,  0.228  x  50  x  144^,,  n q  71715 ^ 

(b)  W  =  mP(  v 2  -  Vx  )  -  - - - (11.309  -  8.773) 


=  5.34  Btu 


U2  -  Ux  =  xQ2  —  t  i W 2  =  22.7  -  5.3  =  17.4  Btu 


This  can  be  checked  by  finding  ux  and  u2 

_  50  x  144  x  8.773 

u i  =  h i  -  PxVx  -  1184.3  -  778 

=  1103.0  Btu/lbm 

Q  50  x  144  x  11.309 
u2  —  h  2  —  P  2  v  2  —  1283.9  —  778 


r  ?  =  1179.1  Btu/lbm 

U2  -  Ux  =  m(u2  -  ux)  =  0.228(1179.2  -  1103.0)  =17.4  Btu 
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•  PROBLEM  3-8 


Heat  is  transferred  to  a  cylinder  having  a  volume  of  5m3 
containing  0.05  m3  of  saturated  liquid  water  and  4.95  m3  of 
saturated  water  vapor  at  0.1  MPa,  until  the  cylinder  is 
filled  with  saturated  vapor.  Calculate  the  amount  of  heat 
transferred  for  the  process.' 


Solution :  The  total  mass  within  the  vessel  is  taken  as  the 

system.  From  the  first  law  >; 

Q  =  U2  ~  Ui  +  +  mg(Z2  -  Zi)  +  1W2 

.j 

Since  changes  in  kinetic  and. potential  energy  are»not 
involved,  this  reduces  to  p  m,..  ^ 

iQ2  =  U  2  -  Ui  +  iW  2  .  .  r  *  | 

The  work  for  this  process  is  zero;  therefore  i|. 

-  V  lQ2  «  U2  Ul  *  j‘ 

The  thermodynamic  properties  can  be  found  from  the  steam 
tables.  The  initial  internal  energy  Ui  is  the  sum  of  the 
initial  internal  energy  of  the  liquid  and  the  vapor 

Ui=m1,.ull.  +  m,  Ui  _  o 

1  liq  Aliq  xvap  Avap 


To  determine  u2  we  need  to  know  two  thermodynamic  properties, 
since  this  determines  the  final  state.  The  properties  we 
know  are  the  quality,  x  =  100%,  and  v2,  the  final  specific 
volume,  which  can  readily „ be ' determined .  f 


h 

m  =  mi,  +  mx  =  47.94  +  2.92  =  50.86  kg 
1liq  ivap  , 

-  l  -  sfrle  ■  °-09831  raS/k6 


From  the  steam  tables  it  is  found,  by  interpolation,  that  at 
a  pressure  of  2.03  MPa,  vg  =  0.09831  m3/kg.  The  final 

pressure  of  the  steam  is  2.03  MPa.  Then, 
u2  =  2600.5  kJ/kg 

U2  =  mu 2  =  50.86  (2600.5)  -  132261  kJ 
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1 Q  2  -  U2 


132261  -  27326  =  104935  kJ 


-  U,  = 


•  PROBLEM  3-9 


A  rigid  vessel  which  has  a  volume  of  0.5m3  is  filled  with 
Freon-12  at  0.5  MPa,  50°C.  It  is  then  heated  until  the 
Freon-12  is  fully  saturated  vapor.  Calculate  the  heat 
transfer  for  this  process. 


Solution :  It  is  known  from  the  statement  of  the  problem  that 

the  state  of  the  substance  at  the  end  of  the  process 
(state  2)  is  saturated  vapor,  and  from  the  Freon-12  tables  it 
can  be  obtained  that  the  state  at  the  beginning  of  the 
process  (state  1)  is  superheated  vapor. 

The  First  Law  for  this  system  is 

1Q2  “  U2  -  Ui  +  1 W 2  where  XW2  =  0  (1) 

Values  for  the  internal  energy  are  needed  to  compute  the  heat 
transfer.  However  the  Freon-12  tables  do  not  give  values  for 
the  internal  energy,  and  thus  the  relation 

u  —  h  —  Pv  (2) 

can  be  used  to  obtain  values  of  the  internal  energy,  using  the 
enthalpy,  the  specific  volume,  and  the  pressure. 

From  the  Freon-12  tables, 

State  1: 


vx  =  0.040911  m 3 /kg ;  b1  =  217.484  kJ/kg 

From  Eq.  (2) 


u !  =  217.484  -  (500)(0.040911)  =  197.028  kJ/kg 

State  2:  At  this  state,  the  only  information  available  is 
the  state  of  the  substance.  However  this  is  a  rigid 
container  meaning  that  the  volume  as  well  as  the  mass  of 
the  Freon-12  will  remain  constant,  throughout  the  process, 
which  implies  that  the  specific  volume  of  Freon-12  will  be 
the  same  at  both  states,  because 


and  so 


v2  =  v,  =  v  =  0.040911 
g 

Now  that  enough  information  is  available  the  other  necessary 
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values  can  be  obtained  directly  from  the  Freon-12  tables. 
These  values  are  1  rr  * 


h 2  =  h  =  191.602  kJ/kg;  P  =  0.4233  MPa 


Then  using  Eq.  (2)  . . ,  | 

*  '  i 

u 2  =  191.602  -  (423. 31(0.040911)  =  174.284  kJ/kg 

-■  w 

The  mass  of  the  Freon-12  is  then  given  from  (3)  as ^ 


* 


V  _  0.5 

v  0.040911 


12.22  kg 


Eq.  (1)  then,  written  on  a  mass  basis  gives 

k.  ■«.  fi;. 

XQ2  =  m(u2  -  Uj) 

=  12.22  (174.284  -  197.028) 

=  -277.93  kJ 


t 

;*? 


The  minus  sign  indicates  that  heat  is  extracted  from  the 
system. 


'  1  *-  •’  •  r*  '  4j.. 

__  ii 

•  PROBLEM  3-10 

A  piston-cylinder  system  contains  three  lbm  of  water  in  the 
saturated-liquid  state  at  100  psia.  Heat  is  added  to  the 
water  in  such  a  way  that  pressure  always  remains  a  constant 
during  the  process.  Calculate  (a)  the  work  done  by  the  water 
and  (b)  the  energy  required  to  bring  the  water  to  the 
saturated  vapor  state. 


(a) The  control  mass  (b)The  process  representation 


Solution t  The  water  or  the  water  plus  the  piston  can  be 
selected  as  the  control  mass.  Since  the  energy  transfer  to 
the  water  is  the  only  thing  that  is  of  concern,  and  the 
piston  is  merely  a  means  for  maintaining  the  constant 
pressure,  only  the  water  is  taken  as  the  control  mass.  -  The 
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change  of  state  is  depicted  by  the  process  representation, 
which  is  shown  on  a  P-v  plane  in  the  figure. 

In  order  to  solve  the  problem  idealize  that  the  changes 
in  the  gravitational  potential  energy  of  the  water  are 
negligible  in  comparison  with  the  changes  in  the  internal 
energy.  Idealize  further  that  the  presence  of  the 
gravitational  field  does  not  significantly  alter  the 
behavior  of  the  water  molecules,  so  that  the  relationships 
between  the  thermodynamic  properties  are  the  same  as  if  the 
water  were  truly  a  simple  compressible  substance.  In  short, 
idealize  that  the  water  behaves  like  a  simple  compressible 
substance  and  is  in  equilibrium  states  at  the  start  and  end 
of  the  process. 

Employing  these  idealizations,  the  energy  balance,  made 
over  the  period  for  the  process  to  occur,  is 

Q  =  W  +  AU 

energy  energy  increase  in 
input  output  energy  storage 

where 

AU  =  m(u2  -  Uj.) 

Fixing  the  initial  and  final  states  from  the  steam  tables,  at 
the  initial  state  (saturated  liquid  at  100  psia) 

Pi  =  100  psia  Tx  =  327 . 81°F 

Ul  =  298.08  Btu/lbm  vx  =  0.01774  ftVlbm 

and  at  the  final  state  (saturated  vapor  at  100  psia) 

P2  =  100  psia  T2  =  327 . 81°F 

u i  -  1105.2  Btu/lbm  v2  =  4.432  ft3/lbm 

Note  that  the  volume  occupied  by  the  water  increases 
tremendously . 

Now  the  net  energy  added  to  the  water  could  be  computed 
but  as  yet  is  not  possible  to  tell  how  much  is  added  as  heat 
and  how  much  is  taken  away  as  work.  The  fact  that  the 
pressure  remains  constant  during  the  process  allows  to 
compute  the  work  very  simply.  The  work  done  by  the  water  is 
'2  2  (2 

W  =  dW  =  P  dV  =  M  P  dv 

Ji  Ji  Ji 

Since  the  pressure  is  constant, 

W  -  mP( v 2  -  v i ) 

The  work  done  is  therefore 

W  *  3  lbm x 100  lbf/in2  x  144  in2 /ft 2  x  (4.432  ~  0.017)  ft3/lbm 

?4 


=  191,000  ft-lbf  x  yyg  fV-l~bf 


245  Btu 


Finally  the  energy  added  as  heat  can  be  calculated: 

Q  =  245  Btu  +  3  lbm  x  (1105.2  -  298.08)  Btu/lbm  =  2665  Btu 

The  energy  transfer  as  heat  could  have  been  calculated 
directly  if  it  was  noticed  that  it  is  expressible  as 

Q  =  m[P(v2  -  vi)  +  (u2  -  ui)]  =  m(h2  -  hi) 

Note  that  the  energy  transfer  as  heat  (per  unit  of  mass) 
to  a  simple  compressible  substance  during  a  constant 
pressure  process  is  equal  to  the  increase  in  its 
enthalpy . 

Values  for  hi  and  h2  could  have  been  obtained  from  the  steam 
tables . 

The  energy  transfer  as  heat  required  to  evaporate  a  unit 
of  mass  of  a  simple  compressible  substance  at  constant 
pressure  is  therefore  simply  h^  -  h^  =  ^fg  is  sometimes 

called  the  enthalpy  of  evaporation  of  that  substance.  Note 
that  it  depends  on  pressure  and  vanishes  at  the  critical 
point . 


•  PROBLEM  3-11 


A  piston-cylinder  system  is  used  to  compress  2  lbm  of  a  gas 
from  14  ft3  to  a  volume  of  9  ft3  at  a  constant  pressure  of 
2000  lbf/ft2.  It  is  found  that  the  internal  energy  decreases 
by  6000  ft-lbf  during  the  process.  Calculate  the  amount  of 
heat  transferred  to  or  from  the  gas  during  the  compression. 


r  n 

i  i 

i 

i 

1  1 

t  i 

1  1 

1  [ 

1 

1 

1  -J 

_ 

Fig.  1.  The  control  mess 


Solution :  For  the  system,  the  gas  alone  is  considered  as  the 

control  mass.  It  is  clear  from  the  problem  statement  that 
energy  will  be  put  into  the  system  as  work,  and  so  choose  the 
sign  of  positive  work  as  indicated  in  the  figure.  It  may  not 
be  immediately  clear  which  way  the  energy  transfer  as  heat 
takes  place;  define  Q  to  be  positive  as  an  energy  input,  and 


75 


indicate  this  on  the  figure.  Also  assume  that  the  only  system 
energy  is  its  internal  energy  U.  In  terms  of  the  system  and 
symbols  of  Figure  1,  the  energy  balance  is  then 

Arfy  '  >  .  *  .  i  i%  *. 

W  +  Q  =  AU 

•  -i  '• :  tf .  ’ .  .  if  *  '  «■ 

energy  increase  in 

input  energy  storage  if 

where  AU  =  U2  -  Ui  and  the  subscripts  T  and  2  denote  the 
initial  and  final  states.  The  internal  energy  change  is 
known  and  Q  can  be  computed  from  the  energy  balance  if  W  can 
be  evaluated.  The  work  done  on  a  gas  during  compression  is 

i  •  '  •  -1 

W  =  -  P  dv  '  *  ‘ 

A  . 

-r-  ■**i*.Y  ?  **  ■  .  rL 

Since  the  pressure  P  is  constant',  integrate  and  obtain 

W  =  P(V!-V2).=  2000  lbf/ft2  x  (14-9)  ft3  =  10,000  ft-lbf 
Solving  Eq.  ‘(l)  for  Q, 

.  Q  =  >  AtU-  W  =  -6000  -  10,000  =  -16,000  ft-lbf 

The  minus  number  means  that  the  actual  direction  of  energy 

transfer  as  heat  was  incorrect.  The  answer  is  that 

16,000  ft-lbf  of  energy  was  transferred  as  heat  from  the  gas. 


•  PROBLEM  3-12 


Determine  the  final  equilibrium  state  when  2  lbm  of 
saturated  liquid  mercury  at  1  psia  is  mixed  with  4  lbm  of 
mercury  vapor  at  1  psia  and  1400°F.  During  the  process 
the  pressure  in  the  cylinder  is  -kept  constant  and  no  energy 
is  lost  between  the  cylinder  and  mercury. 


i 


(a)  The  control  mass  (b)  The  process  representation 

:  Fig.  1.' 

'  ]  -  t 

.  -  N  „  1 

Solution :  Since  the  amount  of  liquid  might  change  during 

the  process,  the  liquid  or  only  the  vapor  cannot  be  taken 
as  the  control  mass.  Instead  take  the  entire  6  lbm  of 
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mercury.  By  assumption,  no  energy  transfer  as  heat  occurs, 
but  the  volume  is  expected  to  change,  resulting  in  an  energy 
transfer  as  work.  The  only  energy  stored  within  the  control 
mass  is  the  internal  energy  of  the  mercury;  the  energy 
balance,  made  over  the  time  for  the  process  to  take  place, 
is  therefore  (Fig.  1) 

W  AU 

energy  increase  in 
input  energy  storage-,  , 


Combining  with  the  energy  balance,  obtain  ■' 

v 

U2  +  PV2  =  U i  +  PV i  t  }  '  (1) 

<  \ 


Table  1.  Properties  of  Saturated  Mercury 

Enthalpy,  lUu/lbm 


psia 

T,  CF  : 

Sat.  li'f. 

1  Evap. 

Sat.  rap. 

0.010 

233 . 57 

fi  008 

127  732 

134  400 

0 . 020 

250  88 

7  532 

127  614 

135.146 

0.030 

278  22 

8.008 

:  127.540 

135.608 

0.010 

207 . 07 

8.7/8 

127  442 

136.220 

0. 100 

320.73 

0.814 

1 27  300 

137.114  , 

0.200 

3G4 . 25 

10  936 

127  144 

138  080 

0.300 

385.92 

11.639 

.127.047 

138.686 

0.400 

401.98 

12  159 

126.975 

139.134 

0.500 

4)5.00 

12.568 

126. 91G 

139.484 

O.GOO 

425  82 

12.929 

" 126  8G8 

139.797 

0.800 

443.50 

13  500 

126.788 

140.288 

1.00 

457.72 

13  959 

126  724 

140  G§3 

2.00 

504 . 93 

15.476 

126.512 

141.988 

3.00 

'  535.25 

16.439 

126  377 

142.816 

5.00 

575.7 

17.741 

126.193 

143.934 
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To  evaluate  the  initial  terms  assume  that  the  liquid  is  in 
an  equilibrium  state  and  the  vapor  is  in  an  equilibrium 
state,  even  though  they  are  not  in  equilibrium  with  one 
another.  The  graphical  and  tabular  equations  of  state. 

Fig.  2  and  the  Table  for  the  thermodynamic  properties  of 
saturated  mercury,  may  then  be  employed  for  each  phase. 
Since  the  available  equation-of-state  information  is  in 
terms  of  the  enthalpy  property*  express  the  right-hand  side 
of  Eq.  ( 1 )  as  •  :  ,, 


U,  +  PVi  =  M.  u,  +  M  u  +  P(M.  v,  +  M  v  ) 

ll  h  Vi  Vi  li  lx  Vi  vx' 


=  h«  +  M  ■  h 

li  li  Vi  Vi 


Now,  from  the  tables,  the  initial  liquid  enthalpy  is 
(saturated  liquid  at  1  psia.  Table  1)  i 

1 

h.  =  13.96  Btu/lbm  " 

1 1 

Ti  =  457. 7°F 


The  initial  vapor  enthalpy  is  found  from  Fig.  2  as 


vi 


=  164  Btu/lbm  * 


Substituting  the  numbers,  y  K 

Ui.  +  PVi  =  2  x  13.96,+  4  x  164  •«  684>Btu 


I 
I  ' 


The  final  state  is  a  state  of  equilibrium,  for  which 

* 

U2  +  PV  2  =  M(u  +  Pv)2  =  Mh2 

■  ■  *  •  ■  I  ■  *  ’  ' 

The  enthalpy  in  the  final  state  is  therefore 


L  684  Btu  J  ‘ 

1,2  =  “OtaT  =  114  Btu/lbm 


The  final  pressure  and  enthalpy  may  be  used  to  fix  the 
final  state.  Upon  inspection  of  Fig.  2  the  final  state  is  a 
mixture  of  saturated  liquid  and  vapor  at  1  psia  and  the  y 
"moisture”  (1  -  x)  is  about  21  percent  (0.79  quality). 
Alternatively,  the  information  in  Table  1,  could  have  been 
used.  f  '  '■ 


114  *  (1  -  x 2 )  x  13.96  +  x2  x  140.7 
x2  =  0.79 
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•  PROBLEM  3-13 


A  partition  separates  the  two  compartments  of  an  insulated 
vessel  as  shown  in  the  figure.  Compartment  A  ‘contains  2  Kg 
of  water  at  200°C,  5  MPa  and  compartment  B  contains  0.983  kg 
of  water  at  200°C,  0.1  MPa.  The  partition  is  removed  and 
the  water  in  both  the  compartments  fill  up  the  entire  vessel. 
Determine  the  final  pressure,  and  the  heat  transfer  involved 
in  the  mixing  process,  if  the  final  temperature  is  200°C. 


:  ;  '  '*  .  t 

Solution :  (a)  If  there  was  another  independent  property 

known  for  the  final  state,  then  the  pressure  could  have  been 
obtained  from  the  steam  tables  since  one  property 
(temperature)  is  already  known.  Furthermore  looking  at  the 
given  information, one  can  see  that  another  independent' 
property  can  be  calculated  at  the  final  state.  That  property 
is  the  specific  volume.  Let  subscripts  A,  B,  and  F  denote 
the  states  in  chambers  A  and  B, and  the  final  state 
respectively . 

First  the  state  of  the  water  must  be  found  in  the  two 
chambers  i  »  *  *  * 


Chamber  A:  compressed  liquid  (P  .  >  P  ^  ) 

gi  ven  sat .  .  * 

rtw  *  •  '  .  -  *1-  *  ■* 

vA  =  0.001153  m3/kg;  uA  =  848.1  kJ/kg 

Chamber  B:  superheated  vapor  (P  .  <  P  .  ) 

given  sat. 

vB  =  2.172  m3 /kg;  ^uB  =.  2658 . 1  kJ /kg.  :  t 

*  r 

t  d-  T 

The  vol ume  of  the  container  is.,,..  ¥ 

;  ’  V  =  V.1  +  V  *  *  +  *  ^  ^ 

A  B 

where 

V  =  mv  V  #  *  -  ■  I  *  *  ( l ) 


Thus 
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VF  =  mAVA  +  mBVB  =  <2H0.001153>  +  (0. 983){2. 172) 
=  2.1374  m3 

k 

The  total  mass  is 

l; 

m„  =  m.  +  mD  =  2  +  0.983  =  2.983  kg 
FAB 


Hence  from  Eq .  (1) 

VF  2.1374 
VF  '  m  '  2.983 


0.7165 


* 

i 


The  temperature  and  specific  volume  are  now  known  for  the  final 
state.  With  these  values  and  the  steam  tables  the  final 
state  lies  in  the  superheated  region.  Therefore, 


P*.  =  0.3  MPa 
r 

Up  =  2650.7  kJ/kg. 


(b)  Now  consider  the  inside  surface  of  the  whole  container 
as  a  system.  The  first  law  is  then,  1 

^=0 

Q i 2  =  U2  -  lh  +/T  ,  ( 


or  on  a  per  mass  basis 


■  1 

Q l 2  =  mFuF  -  <mAuA'+  rrigUg) 

=  ( 2 . 983 ) ( 2650 . 7 ) - [ (2 ) < 848. 1 )+( 0. 983) ( 2658 . 1 ) ] 

,  1  *  v  f  • 

*  3597.9  kJ 


•  PROBLEM  3-14 


A  piston  cylinder  arrangement  having  an  enclosed  volume  of 
0.1  m3  holds  Freon-12  at  500  kPa  and  70°C.  The  piston  is 
held  in  position  by  a  pin  while  the  pressure  is  raised  to 
600  kPa.  Keeping  this  pressure  constant,  the  pin  is 
released  and  additional  heat  is  transferred  until  the 
temperature  reaches  80°C.  Calculate  the  total  heat 
transferred  during  the  process  to  the  system.  _ 
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p 


(b) 


Figure  1.  (a) Schematic  representation,  (b) P-V  diagram (superheated  region) 


V 


Solution :  Referring  to  Figure  1(b),  and  using  the  Freon-12 

tables  for  the  given  data,  we  have, 

State  1:  T  =  70°C  and  P  =  500  kPa 

v i  =  0.044184  m3/kg,  hi  =  231.161  kJ/kg 

State  2:  P  =  600  kPa  (constant  volume  process,  V2  =  vj ) 

From  the  saturated  Freon-12  tables, 

v  “  0,0293  m3/kg, 
ftC’  »  '* '  v  •  g  H  »  •**  r  ••  |  t 

so  the  substance  lies  in  the  superheated  region  (V2  > v  ). 

Also  £ 

T  .  =  130°C,  and  obtain 

S3  L 

h2  =  272.231  kJ/kg 

State  3:  T  =  80°C  and  P  =  600  kPa 

v 3  =  0.037653  m3 /kg,  h3  =  237.027  kJ/kg 
'  '  f  •  %  V  \  •  .  *  % ::  i  3  *  *  •  - 

From  Fig.  1  it  is  evident  that  this  is  a  constant  mass 
process  and  one  that  can  be  separated  into  two  different 
processes;  a  constant  volume  process  (state  1  to  2),  and  a 
constant  pressure  process  (state  2  to  3). 

The  mass  is  first  obtained,  using 

*  m  =  V  0.044184  =  2,2633  kS 

from  the  First  |SLaw  of  Thermodynamics,  ■  .  . 

*  -  '  !i  *  •••  3  i 

*  Q i 2  =  U2  -  Ui  +  (K.E.)  +  (P.E.)  +  W i 2  (1) 

Neglecting  potential  and  kinetic  energy  and  writing  on  a  mass 
basis,  becomes 

*  .  j. 

Q12  =  m(u2  -  ui)  +  W i 2  (2) 
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The  minus  sign  indicates  that  work  was  done  on  the  system. 

i' 

,  v  ' 

Combine  Equations  (3)  and  (2)  to  obtain 
Q i 2  =  m[ ( h 3  -  h2)-P(v3-  v 2 ) ]  +  W12  ■ 

=  2. 2633[ (237. 027-272. 231 >-600(0.037653-0. 044184)] +(-8.8690) 

=  -79.6772  kJ  '  ■  , 

*  ! 

.  Jr 

The  total  heat  transfer  F 

QrpQrjt  Ql  2  ^  Q2  3 

i  \ 

=  (+82.9536  kJ)  +  (-79.6772  kJ)  <  j,  t 

=  +3.2764  kJ  .  '  V; 

The  plus  sign  indicates  that  heat  was  transferred  to  the 
system.  ,  •  £, 
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*-vt 4  rV  -  .  -  •  PROBLEM  3-15 


Two  identical,  well  insulated  piston  cylinder  devices  of 
100  cm2  area  are  placed  as  shown  in  the  figure'.  Both  have 
metallic  pistons  and  connecting  rods.  The  first  cylinder 
contains  gaseous  helium  at  2  atm  and  the  second  contains 
gaseous  helium  atfl  atm.  the  temperature  in  both 
cylinders  is  0°C.  When  the  stopper  is  removed  the 
pressures  will  become  identical  and  all  oscillations  will 
cease.  v  ’ 

,  .  .•  •  > 

(a)  Calculate  the  final  temperatures  after  the  oscillations 
cease,  if  the  gas  is  assumed  to  be  ideal  with  a  constant 
Cv*  Also  neglect  the  masses  of  cylinders  and  pistons. 

(b)  Calculate  the  final  temperatures  for  the  same ‘ situat ion , 

but  with  well  insulated  pistons  and  connecting  rods  of 
low  thermal  conductivity.  ,  .  <  <  > 


stopper 


Figure 


Solution :  (a)  Choose  the  gases  in  compartments  A  and  B  as 
systems  A  and  B,  respectively.  Since  these  are1 simple 
systems,  denote  the  energies  by  U  instead  of  E.  Since  the 
mass  and  initial  temperature  are  known  for  the  gas' in  each 
compartment,  the  final  temperature  can  be  calculated  for 
each  compartment.,  if  the  final  energy  -  or  energy  change  - 
of  each  compartment  is  first  determined.  Thus,  from  the 


equations 


PV  =  NRT 


U  =  N  j  CvdT  +  NU( 


(1) 

(2) 


as  applied  for  each  system,  give 


P  V 
Ai-Ai 

na  =  ~W7~ 

Al 


(3) 


P  V 

>B  .  -RTBi  . 


*  ■  >  t. 


(4) 


T  =  T  + 
Af  Ai 


gAf  -  SaI. 
NACv  " 


(5) 


and 

*  :  * 


T  =  T  +  SBf  ~..V:t 

Bf  Bi  NdC 

D  V 


(6) 


where  IK.  and  are  the  only  unknowns  (U.  .  and  Un .  can  be 

chosen  at  will  because  Uo  in  Eq.  (2). is  an  arbitrary 
constant ) . 

Since  the  pistons  and  shaft'ihave  been  assumed  to  be 
good  conductors  of  heat,  the  final  temperatures  of 
compartments  A  and  B  will  be  equal: 


f t . 


T  =  T 
*Af  Bf 


To  determine  the  energy  change,  apply  the  First  Law,  to 


system  A: 


a 


2a*  -  2a i  -  «*  T.WA  I 

i  n  i  . 


(7) 


The  work  done  by  this  system  is  equal  to  the  work  done  on  the 
gas  in  B  and  the  frictional  work  done  on  the  walls  of  A  and 
B,  or  n  .  >  4  . 


WA  ~WB  WWA  WWB 


3 

If 


(8) 


where  WD  is  the  work  done  by  the  gas  in  B  and  is  the  work 

d  p  >j  WA 

done  by  the  wall  of  A,  etc.  Now  consider  the  wall  of  A  as 
the  system  and  apply  the  First  Law  to  this  system: 

A-WA  =  QWA  ’  WW A  1  *  (9) 

“  t 

If  we  neglect  the  change  in  energy  of  the  wall,  the  frictional 
work  done  by  the  gas  on  the  wall* will  be  transmitted  back  to 
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the  gas  in  the  form  of  a  heat  interaction;  that  is  ^  J 


qwa  wwa 


(10) 


and  furthermore, 


where  Q 


AB 


‘A  ^WA  '"‘AB 

/  ■:  •  ...  . i  ^  "  '■  -  *  • 

is  the  heat  conducted  from  A  to  B  through  the 


(11) 


pistons.  Substituting  Equations  (8), *(10),  arid  (11)  into 
Equation  (7)  *  ’ 


4Si  =  «b  +  WWB  -  «AB 


(12) 


By  analogy  to  Eqs.  (10)  and  (11)  as  applied  to  the  walls  of 
B, 


) 


W. 


~  Quid  ~  ~  Qo  +  *Q 


WB  ’"‘WB  ^B 

and  by  analogy  to  Eq.  (9), 

'■ 


wb  -  %  -  -  % 


AB 


(13) 


(14) 


Eq.  (12)  becomes 
■ft 


:e 


A2A  -  -  «JB 


* 


(15) 


Equation  (15 )  could 'havetbeen  stated  at  the  outset  because 
the  composite  system  A.+  B-is  equivalent  to  an  isolated 
system;  this  result,  however.*  may  not  have, been  immediately 
obvious.  Combining  Eq.  (15)  with  Eqs.  (5)  and  (6),  and 
making  use  of  the  fact  that  TAf  =  Tg^;  obtain  . 


T  = 
f 


N.T. . ;+  N_T_ . 

A  Ai‘,  B  Bi.. 


na  +  nb 


’1 


or*,  for  this  special  case  wherein  =  TBi  =  Ti* 


(16) 


,T{  =r<?±  =  ?°C^ 


X 


.  i 


Now  use  hindsight  to  reevaluate  the  problem.  A 
qualitative  feeling  for  the  path  in  that  the  frictional 
work  was  involved,  but  the  path  could  riot  be  described 
quantitatively  because  the  coefficient  of  friction  of 
either,  piston-cylinder  was  not  known.  .Nevertheless,  the 
final ’conditions  were  determined  and,  therefore,  it  was 
possible  to -describe  thevpath  to -fin'd  the  solution.'  Such 
a  situation  would  be  expected  if  the  end  state  was  independent 
of  the  path.  This  is  obviously  the  case  in  the  present 
'example:  Since  the  composite  system  A  +  B  is  an  isolated 

simple  system,  there  is  only  one  state  to  which  it  can  go, 

*  *  .f  la  '  u*  a-i  .  t  -  *  u 

and  that  is  the  one  for,  which  U  =  U  .  4+  UR .  and 
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(b)  The  composite  system  of  A  +  B  is  no  longer  a  simple 
system  because  it  contains  an  internal  adiabatic  wall. 
Therefore,  the  final  composite  cannot  be  described  by  a 
single  equilibrium  state;  instead,  the  final  conditions  will 
depend  on  the  path  of  the  process.  f 

Eqs.  (5)  through  (15)  are  still  valid.  Combining 
Eqs .  (5)  and  (6)  with  Eq.  (15)  results  in  1 


NACvCTAf  *  TAi>  +  NBCv(TBf  -  TBi>  ■  0 


which  now  gives  one  equation  in  two  unknowns,  ^^f  anc*  ^Bf* 

One  can  try  to  juggle  the  other  equations  to  find  another 
relationship  between  TAf  and  TBf,  but  until  some  assumptions 

are  made  regarding  the  path,  all  efforts  will  be  in  vain. 

If  no  information  on  the fcoef f icient  of  friction  is 
known  the  engineering  judgment  to  simplify  the  situation 
while  obtaining  a  close  approximation  to, the  actual 
conditions  will  have  to  be  used.  .  ^ 

Assume  that  there  is  friction  only  in  compartment  B. 

This  will  give  a  lower  bound  for  TAf  and  an  upper  bound  for 

T  .  The  case  of  friction  only  in  compartment  A  can  then  be 
Bf  .  * 

treated,  which  will  give  an  upper  bound  for  TAf. 

If  there  is  no  friction  in  compartment  A  and  if; the 
assumption  that  the  process  is  quasi-static  (i.e.,  no  * 
pressure  gradients  within  the,  compartment  can  be  made  for) 
the  simple  system  of  the  gas  .in  A  j 


or 


(Cv  +  R 
V  R 


(20) 


Integrating  between  initial  and  final  conditions, 

*  .  ]l  . 

«  f  t  (21) 

’  <1 

*  it* 

Eqs.  (21)  and  (17)  give  two  equations  in  three  unknowns. 
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TAf’  TBf*  and  PAf  “,pf  The  final  pressure  can  be 
eliminated  in  the  following  manner. 

Since 


V.  .  ■+'*  VD.  =  V.  .  +  VD  .  =  V_ 
— Af ,  -Bf  -Ai  r,  —  Bl  — T 


(22) 


c  ••  T  ■  j, 

and  VT  is  known,  substitution  ofK,Eq.  (1)  into  Eq.  (22)  gives 


— T  ■  (NATAf  +  NBTBf>f 


> 


Eq.  (2)  along  with  Eqs.  (21)  and  (17)  give  us  three 
equations  in  these  unknowns. 


pf  ■ 


Af 

From  Eq .  ti(  17  )  * 

’  "  T 

Bf 


PA i — A i 

+'PBiVBi  . 

2*i 

Vbi 

with  C 

V 

=  3  cal/g-mol 

;  (¥f 

.»* 

Ta -  =  243°K 
Ai 

V  fc 

t  ♦  .  .  ' 

=  334°K 

.  T.-. 

(23) 


If *it  is  assumed  that  there  is  friction  only  in  *  ■ 
compartment  A,  then  one  can  find  that  Tgf  =  318°K.  Since  in 

the  actual  case  the  friction  is  distributed  between  A  and  B, 
a  better  approximation  might  be  TD.  =  (318  +  334)/2  =  326°K 

D  I 


and  TAf  =  246°K . 


The  fact  that  the  adiabatic  wall  prevents  a  direct 
solution  to  the  problem  in  the  absence  of  a  complete 
description  of  the  path  is  sometimes  referred  to  as  the 
"adiabatic  dilemma".  In  fact,  it  is  no  dilemma  at. all,  but 
results  from  the  difference  between  heat  and  work  inter¬ 
actions. 


INTERNAL  ENERGY,  ENTHALPY,  AND  SPECIFIC 
HEAT  OF  IDEAL  GASES 


•  PROBLEM  3-16 


A  container  holds  5  lbm  of  water  as  shown  in  the  figure, 
(a)  Calculate  the  change  in  specific  and  total  internal 
energy  if  the  total  work  input  is  3890  ft-lbf.  Assume  the 
system  is  adiabatic.  (b)  If  0.1  Btu/lbm  of  heat  is  lost, 
then  what  is  the  change  in  the  internal  energy? 
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Thermometer 


///////////  //////✓// 
Insulation 


Solution :  Assume  heat  flow  in  to  be  positive  and  work  in  as 
negative.  Since  AK.E.  and  APrE.  are  zero  for  both  cases,  the 
energy  balance  for  the  system  is 


First  law:  Q  -  AU  +  W 

(a)  Adiabatic:  Q#'-;0&  T  +  ..~  * 

AU  =  W  =  3890  ft-lbf  =  5  Btu 
Au  =  1  Btu/lbm  •  •  * 


(b)  Q  =  -0.5  Btu 


-0.5  =  AU  -  5 


AU  =  4.5  Btu  > 

Au  -  0.9  Btu/lbm 


<  k  « •  *  ..  > 


•  PROBLEM  3-17 


The  figure  shows  a  system  having  a  paddle  wheel  which  does 
work.  The  system  is  adiabatic  and  at  constant  pressure.  It 
contains  0.3  Ibm  of  air  at  20  psia,  and  after  it  receives 
14,004  ft-lbf  of  work  the  temperature  rises  from  500°R  to 
750°R.  Calculate  a)  the  total  work,  b)  the  mechanical  work, 
c)  the  changes  in  internal  energy  and  d)  ,the  enthalpy  change 
for  the  system. 
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•  -a. 

*  X 


Solution:  a)  The  work  done 


'  r  2  i 

one,  W  =  j  rap 


rapdv  =  mp(v2  - 


From  the  ideal  gas  equation  Vj  = 


ET 


1  : 


■  _"’(53. 34 )  ( 500) 

'■*  '  ■  -  (20)  (144)  ■ 

'  .r  ■■■  V 

=  9.253  ft 3 /lbm 


and 


..  _  RT2  =  ( 53 . 34)  (  750 ) 

v2  -  T7  (20)  (144) 

*  <  J  “  =  13 i 88*  f t 3 /ibm 

(0,3)(20)(144)(13.88  -j  9.253) 
778 


W  = 

=  5.13  Btu 


■t  , 


:  a* 


(c)  The  change  in  internal  energy  Au  =  mcv(T2-Ti ) 

=  (0. 3)(0.1714)(250)  .=  12.87  Btu 

(d)  The  change  in  enthalpy  H  =  me  (T  -T  ) 

p 

=  (0.3)(0.24)(250) 

=18.0  Btu 

(b)  From  the  above  values,  the  mechanical  work  can  be 
*  calculated.  >  _ 


’Given  W  =  14004  ft-lbf 

■p  '  i 

=  18  Btu 

••  -  -  #.*  *.  :  •  1  i  , 

'  ■>'  *  .*.  =  5.13  -  18 


i 

1  S  i 

*  ,  4 


=  -12.87  Btu 
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f 

•  PROBLEM  3-18 

To  vaporise  1  mole  of  water  at  .1  atm  pressure  and  100°C, 
9.71  kcal  of  heat  is  required.  a)  Calculate  the  change  in 
enthalpy  and  total  energy  for  this  vaporisation  process, 
b)  If  one  mole  of  steam  condenses  at  100°C  and  1  atm 
pressure  then  what  is  the  change  in'  enthalpy  and  total 
energy  for  the  process? 


•  r***  ■  ■  *  '  ?  •  ’ 

Solution:  a)  Given  that  the  pressure  is  maintained  at  1  atm 

'  Ah  =  9.71  kcal /mole  ' 

i  ’  * d* 

The  volume  of  the  liquid  vaporized,  =  18  ml. 

The  volume  of  1  mole  of  the  gas  produced,  s  25,000  ml. 


Since  V  is  much  larger  than  V 

S  1  9 


PAV  =  P(V  -VJ  s  PV  =  RT 

g  1  g  -  f: 

=  (2)  (373)  ■,  •  ‘ 

1  v  =  746  cal /mole  j.  r  " 

=  0.75  kcal /mole  ^ 

AH  =  AE  +  PAV  ; 

i  ■ 1  *  v  •  ji  it i 


The  change  in  total  energy  =  AH  -  PAV 
*  9.71  -  0.75  1  -■ 

=  8.96  kcal /mole. 


t  ■ 

b)  When  we  consider  condensation  there  will  be  anloutput  of 
heat,  .*.  AH  =  -9.71  kcal/mole.  Condensation  will  have  a 
decrease  in  volume,  so  that 


Then 


a 


PAV  =  P(-V„)  =  -RT  =  -0.75  kcal/mole 

Vj 

1  ■-  -  *-  ■  - n  i  ' 

.  .  *  -•  ■  .:  * 


AE  =  AH  -  PAV  't 

=  -9.71  -  (-0.75) 
=  -8.96  kcal/mole. 
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•  PROBLEM  3-19 


H-  Z  ;  ^ 

Water  is' continuously  spilling  over  a  water  tank  at  a  height 
of  100  m  from  ground  level.  '  ;  - 

.  fc.  •'»!■  ,  '  =•  ■  ' 

a)  Calculate  the  potential  energy  of  the  water  at  the  top 
of,  the  tank  with  respect  to’ its  base/.'  ,  , 

;  *!  *  „  ■'  i  -  ...  ■<  • 

b)  Calculate  the  kinetic  energy  of  the  water  just  before  it 
strikes' the  floor.  *  * 

c)  After  the  water  enters  the  flow  below,  what  change  has 

*  occurred  to  its  state?  ...  * 

Calculate  for  1  kg  of  water  in  all.  three , cases ,  assuming  that 
there  is  no  energy  exchange  with  the  surroundings. 


"  .  j  . -  *x -  i  r1  ■■  ■*  i 

Solution:  *  Since: there  is  no  energy  exchange  Q  and  W  =  0 

AU  +  AE  +  AEn  =  0  1  -  '  '  (1) 

K  P  - 

Ek  =  kinetic  energy 

Ep  =  potential  energy  ; 

U  =  internal  energy.  < - 

Equation  (1)  can  be  applied  to  any  point'of  the  fall. 

=  mzg  _  l(kg)  x  100(m)rx  9 . 8066(m) / ( s ) 2 
*P  gc  l(kg)(m)/(N)(s)2 

* 

where  g  has  been  taken  as  the  standard  value.  This  gives 
E-p,  =  980 . 66(N  *m)  or  980.66(J) 

‘  £  <  N  **  *  1 

b)  During  the  free  fall  of  the  water,  no  mechanism  exists  for 
conversion  of  potential  or  kinetic  energy  into  internal 
energy.  Thus  AU  must  be  zero,  and: 

AEr  +  AEp  =  EKz  -  ERi  +  Ep2  ~  Ep^  =  0 

For  practical  purposes  take  E„  =  0  and  E_,  :*=  0.  Then 

.  .  '  i  ».  r  •  ’  p2  1  .  • 

E„  =  En  =  980.66( J) 
k-2  Pi  ,  } 

:  l  n,  t  \  A.->  •••  A  v  V 

c)  As  the  l(kg)  of  water  strikes  the  bottom  and  joins  with 

other  masses  of  water  to  form  a  flow,  there  is  much 
turbulence ,  which  has  the  effect  of  converting  kinetic 
energy  into  internal  energy.  During  this  process  AE  is 
essentially  zero.  Therefore  P 

AU  +  AE  =  0  ^  .or  7  AU  =  E„  -  E„ 

iv  .  .  y  .i  IV  2  a  3 
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However,'  the  velocity  . is  assumed  to  be  small,  and j therefore 
E  is  negligible.  Thus  .  ‘ 

K-3  j  ,  1 

AU  =  E„  =  980.66CJ) 

K-2  r 


•  PROBLEM  3-20 


Calculate  the  change  of  enthalpy  as  1  lbm  of  oxygen  is 
heated  from  500  R  to  2000  R.  Also  calculate  the  average 
specific  heat  for  the  process. 


Solution:  Using  the  specific-heat  equation  and  integrating 

the  equation  dH  =  MC  dt,  we  obtain 


11.515  dT  ' - 


172dT 


dT 

+  1530 


h2  -  hi  =  11.515(T2  -  T{)'- 172  *  2(T2^- Ti*)  +  1530  In  ^ 

tt 


h20oo  -  hsoo  =  17,280  -  7690  +  2120  =  11,710  Btu/lb-mole 


h2„„o  -  h  500  =  ~  h-^  =  =  366  Btu/lbm 

v  jf  -»:  '  J' 

The  average  specific  heat  for  any  process  is  defined  by  the 
relation 


Cp( av) 


Therefore  the  average  specific  heat  is. 


Cp ( av ) 


366  Btu/lbm 
(2000  -  500)  *R 


0.244 


4 


Btu/lbm  *R 


•  PROBLEM  3-21 


Calculate  the  heat  added  when  one  mole  of  carbon dioxide  is 
heated  at  constant  volume  from  540  to  3540  F ft* 
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Solution ^Since  the  temperature  is  much  higher  than  ?;the 
critical  temperature,  the  compressibility  factor  can  be 
taken  as  1.  The  specific  heat  can  be  calculated  from  the 
relationship  t  *  . 

R 

C  =  C  -  -2  Btu/lb/°F 
v  p  J 


d'Q  =  NCvdT 


’  $  :■  ,  d’Q  =  N(Cp  -  .1.985)  *dT  y.  ^ 


d«y  =  1/16.2  -  *■***. &..  +  i-4i  x  loi 


-  1.985  dT 


Hence  *  =  ht\  •  f  '  ^  *  pjr  **  •  T  .  . 

Q  =  14.215(4000-1000)-6.53xl03ln(|§§§)-1.41xl06(7^gi-  j^gg) 

=  '42 ,645  -  9053  1+  1058  =  .,34 ,650  Btu  . 

1  i  v  *»  "  '■  4  '  u>  *  “ 

Alternate  Solution:  At  the  mean  temperature  of  2500  R, 

’  r  V*lfi'o  rassi'-  «  6.53  X  10^  1,41  X  IQS 

Cv  ( 16  *  Z  1  ’  985 }  2500  +  25002 

fvff-  ■  *  V  k  ‘ 

=  14.215-2.612  +  0. 226  =  11.829  Btu/lbm-°F 


Q  =  NCv(T2-T!)  =  1x11.829x3009  =  35,487  Btu 


iff  •  PROBLEM  3-22 

f  * 

A  pressure  vessel  contains  an  inert  gas  at  a  temperature  of 
140°F  and  a  pressure  of  10  atm.  The  vessel  is  then  heated 
until  the  pressure  becomes  20  atm.  For  one  pound  mole  of 
the  inert  gas,  calculate  a)  q,  the  heat  transfer  per  unit 
mass.  b)  AE,  the  change  in  total  energy,  c)  AH,  the  change 
in  internal  energy.  *-  K  <■ 


Solution :  The  specific  heat  of  the  gas  at  constant  volume, 

Cy,  is  given  approximately  as 

'  2:  '  ci  =  1.09  +  3.72  x  10~3T  Btu / ( lb  mole)(°R) 

• v  *  r  > 

where  T'4s  in  degrees  Rankine.  The;  equation’ of  state  for  < 
the  gas  over  the 'range  under  consideration  may  . be  expressed 
by  .  - 
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A  container  with  an  air  tight  piston  is  at  a  pressure  of 
100  psia  and  a  temperature  of  70°F..  The  piston  moves  up 
when  100  Btu  of  heat  is  transferred  and  the  volume  changes 
from  0.5  ft3. to  2.0  ft3.  . 

*4  .  ! 

•  #  , 

Assuming  perfect  gas  behavior,  calculate  a)  the  change  in 
internal  energy,  b)  the  final  temperature  and"c)  the  heat 
capacity  of  the  process.  #  j  H 
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v  r  m 
AU  =  Q  ■ 


-I 


v2  V: 
dV 


where  p  is  a  constant.  Then 


3  AU  =  100  - 


100  x  144 


dV  v 


1  BTU  £  778  ft  lbf ,  and  so 


AU  =  100  -  18.5(2.0-0.5)  =  72.2  Btu  v 


From  the  perfect  gas  laws: 


PiVi  _ P2V2 
T!  "\T2 


Hence 


:'i  f-  „  *'* 

V  T1V2'  _  (70.  +  460)  (2.0) 
12  Vi  0.5 


2120°R 


t2  =  1660°F 

"  ■+  ' 

Since  the  process  is  at  constant  pressure  then  C  is  the  heat 
capacity  desired.  p  ” 

Cp  ■  It  -  212b°-  530  -  °-0629  Btu/OR 

4  %■ 

c)  dQ  =  C  dt  -  dh 

,  ’  P  f  )  -  r  ‘  ,  ^  .■  -  ,  *  ‘  > 

1Q2  =h2-hi=66  Btu  per  Ibm. 

* 

To  produce  an  increase  of  enthalpy  either  heat  or  work 
should  be  done. 


Since ^heatytransf erred  =  66  Btu/lbm,  the  value  of  work  is 
also  equal-to  66  Btu.  > 


o  -  :  ,<v:- 


A,'-:  "  '•  '•  ,14.  *  . 


•  PROBLEM  3-24 


A*gas  at  100°F  has . a  specific  heat  at  constant  pressure  of 
0.28  Btu/ lbm-°F.  Independent  of  pressure ,  for  every 
degree  rise  in  temperature jthe  cp  increases  by  0.0005  Btu. 

Assuming  one  pound  of  the  gas  a)  Calculate  the  change  of 
enthalpy  if  the  temperature  rises  by  200°F.  b)  Calculate 
Apv  in  Btu/lbm  if  Cv  is  less  by  0.08  Btu/lbm-°F. 

c)  How  much  heat  is  to  be  added  and  how  much  work  is  to  be 
performed  to  produce  the  same  enthalpy  change? 
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Solution: 


dh  =  Cpdt 


where  Cp 
h 


b) 


specific  heat  at  constant  pressure 
specific  enthalpy  - 

C  =  0.28  +  0.0005  i(t  -  100) 

P 

't  2 

h2  -  hi  =  C  dt 


rt  2 

t  2 


(0.23  +  0 . 0005t )  dt 

rt  2 


0.23  dt  + 
t, 


ft  2 

f  0. 


0005t  dt 


=  0 . 23( 1 2-t i  )  +  0 . 00025( 1 2-t i  ) 

=  0.23(300-100)  +  0.00025(90 » 000-10 , 000 ) 
=  46  +  20  .  -  , 

=  66  Btu/lbm,  .  f 

h  =  u  +  pv . 


h2  -  hi  = 


'  2 

c  dt  = 
P 

l 

Apv  = 


( U  2  +  P?V2)  -  (Ui  +  PlVi) 

( U  2  -  UX)  +  ( P  2  V  2  -  P l V i  ) 


(  c 

V 
' t 
b  1 

ft2  rv 

j.  .  p  *  *  *  L 

li  L  i 


dt  +  Apv; 

ft2 


°Vdt 


(0.23+0. 0005 1 )dt  - 


(0.15+0. 0005 t )dt 


ft  2 

=  L  0.08  dt .  •  4  ^ 

Jtx 

*  0 . 08( 1 2  -  ti) 

=  0.08(300  -  100) 

=  16  Btu/lbm 
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•  PROBLEM  3-25 


Ten  cubic  feet  of  air  are  cooled  at  a  constant  pressure  of 
80  psia.  The  initial  temperature  was  180°F  and  the  final 
temperature  after  cooling  is  100°F.  Calculate 

a)  the  external  work  done  in  foot  pounds,  l. 

b)  the  change  of  internal  energy ,  . 

c)  the  heat  abstracted,  and 

d)  the  change  in  enthalpy. 


Solution:  From  the  ideal  gas  equation 

-  ,  j  ■ 

r%  l  *  p^i  =  mRTi 

80  x  144  x  10  =  M  x  53.35  (180  +  459.7) 

-  .*.  M  =  3.38  lb  of  air 

a)  Work  XW2  =  P(V2-VX) 

and  for  a  constant  pressure  process, 

PVX  =  mRT ! i and  PV2  =  mRT2 
jW2  =  mR(T 2~T j  ) *■ 

=  3.38  x  53.35  (559.7  -  639.7) 

'  "  *  «  -14425.8  ft-lb 

.■  s  >  ? 

The  negative  sign  indicates  that  there  was  compression, 
i.e.  work  was  done  on  the  gas; 

F 

b)  AU  =  U2  -  Ux  =  mcy  ( T 2 -T 1 ) 

U2  -  Uj  =  3.38  x  0.171  ( 559 . 7-639^7 ) 

=  -46.3  Btu 

'  .  .  r  '  ’  „ 

which" means  that  there  is  a  decrease  in  internal  energy. 

c)  iQ2~  mCp(T2— Tj) 

=  3.38  x  0.240  (559.7  -  639.7) 

=  -64.9  Btu 

which  means  that  heat  has  been  removed. 

?■  -  f  ».  r* 

d)  H2  -  Hx  =  iQz  =  -64.9  Btu.  i.e.,  there  is  a 
decrease  in  enthalpy. 
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•  PROBLEM  3-26 


One  pound  of  a  gas  in  a  piston  cylinder  arrangement  undergoes 
compression  from  500  psia  to  50  psia.  The  initial  volume°of 
the  gas  is  3  cu .  ft  per  lb.  The  variation  of  p  and  v  is  such 
that  pv  *  is  a  constant.  Calculate  the  change  in  internal 
energy  if  the  work  performed  is  equal  to  the  amount  of  heat 
transferred  to  the  surroundings. 


Sol ut ion:  The  work  done  can  be  obtained  from  the  equation 


Given 


From  (1) 


From  ( 2 ) 


•C 


pv1*4  =  constant;  p  =  Cv  n  =  Cv 


pvn  =  c  =  pivin  =  p2v2n 


■  vtf  * 


Cv  n  dv. 


q  ►  / 


-n+1 

cv 

-n+1 


C1  n  -  C  1  n 
V  2 _ Vl 

1-n 


n  i  -n  n  i-n 

w  =  P2V2  V2  -  P1V1  Vl1 

1-n 


To  calculate  the  value  of  v ■ 


n  n 

P1V1  =  p2v2 


••  V!  =(?l)  v‘  ’ 


•  - 


•99 


•  ra,;,»  ■ 

i  ;•  „  (  ■■.  . .  r; 

=  15.54  ft 3 /lbm 


*  r'  *  ‘  * 


From  ( 3 ) 


„  _  (144  *  500  x  3)  -  (144  x  50  *  15.54) 

w - r: t~-  i - 


V  •  =  '260280  ft  Ibf/lbm 


260280 

777.9 


Btu/lbm 


-  335  Btu/lbm 


Given  that  Q,  the  total  heat  transferred  is  equal  to  the 
work  done,  '' 


(Vi 

“■l, 

'V  2 

-W  - 


Q  =  -W 


pdv  =  u2  -  Ui 


pdv  =  u2  -  u1 


-2  \Vz  pdv  =  u2  -  ui 

^Vl 


where  u  is  the  internal  energy, 
energy . 


the  change  in  internal 


.*.  u2-  u i  =  — 2  x  380  =  -760  Btu/lbm 


^  •  PROBLEM  3-27 

1  gm-mole  of  carbon  dioxide  is  heated  from  500°C  to  1000°C 
at  a)  constant  volume,  and  b)  constant  pressure.  Assuming 
ideal  gas  behavior  calculate  the  heat  transferred,  the 
work  done,  the  change  in  energy,  and  the  change  in  enthalpy 
for  the  two  processes.  t 


Solution :  a)  When  heating  is, done  at  constant  volume,  the 

work  done  will  be  zero  and  there  will-  only  be  a  change  in 
internal  energy.  ■  - 


100 


Q  =  AE 


•  -  [  cv« 


The  heat  capacity  data  for  C02  is  given  in  terms  of*C- .  It 
becomes  easier  to  evaluate  AH  ^f  irst-.  .  ^  p= 

'  -•  '%  -¥  ,  '  i  ft-'  -I 

According  to  Eq.  (1),  .  ,  *  ..  ,  . 

r 

(C  +  R)dT  '  ~  ■*" 


AH 


(  f 

=  CydT  +  RdT  =  j 


' 


CpdT 


(1) 


for  a  constant-volume  process  in  an" ideal  gas  system.*  The 
change  in  enthalpy  may  be  evaluated. either  from  the>  -■* 

empirical  constants  given  in  the  table  for  Molal  heat 
capacities  of  gases,  or  from  the  medn^heat  capacity  data 
between  298°K  (25°C)  and  temperature  T°K . 

»  ’>  •  ••  f-  .  f- 


A  mean  heat  capacity  between  500°C  and  1000°C  may  be 
evaluated  by  substituting  the  empirical  constants  for  carbon 


dioxide  into  the  equation 

J>  ■  ■  vt. 


#r*.  o. 


pm 


=  a 


+  ^  (T2-Ti 


)  + 


—  (T 

3  <y 


+  T2T1  +  T 1 ) 


C  =  6.214  +  (10.396 x  10"3)(1237  +573)/2  , 

6  “  2  •> 

-  (3.545x10  >[(1237)  ;  +  (1237)(573)  +  (573)2]/3 

'  S-yi  ’  !  "  ■ 

=6.214  +  9.60  -  3.18  =  12.64  cal/(gram  mole)  (°K) 

'  ,  •  V  V 

V  ■  * 

AH  =  (12.64)(1000  -  500)  =  6320  cal /gram  mole 


Using  the  mean  heat  capacities  between  25°C  and  temoerature  t, 

*  4  • 


cal/gram  mole 


AH  between  25°C  and  1000°C  =  ( 11 . 92 )( 1000-25 )  =  11,620 

AH  between  25°C  and  500°C  =  (10.77X  500-25)  =  '  5,110 

te  _ 

AH  between  1000°C  and  500°C  ,,  i.  6,510 

' 

Using  the  latter  value  for  AH,  " 

Q  =  AE  =  AH  -  vAp  =  AH  -  RAT 

=  6510-  ( 1^987  )  ( 1000  -  500)  =  5516  cal  /gram  mole 


b)  Constant  Pressure:  At  constant:  pressure, 

w  =  pAv  =  RAT  =  (1. 987) (1000  -  500)  =  994  cal/gram  mole 
Q  =  AE  +  pAv  =  AH  =  6510  cal/gram  mole 

AE  ■  AH  -  pAv  =  AH  -  RAT 

'  ,  *  » 

=  6510  -  994  =  5516  cal/gram  mole. 
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•  PROBLEM  3-28 


A  cylinder  piston  arrangement  compresses  air  at  70°F  and 
14.7  psia  to  294  psia.  The  compression  follows  a 
reversible  process  defined  by  the  relation  PV1*3  =^C.  s  *- 
(a)  Calculate  the  work  performed  and  the  heat  transferred 
in  this  case.  (b)  Also  calculate  the  specific  heat.  In 
this  case  the  specific  heat  is  considered  to  be  a  constant. 
Q  -  W  =  AE  =  AU. 


Solution:  (a)  The  differential  change  of  state  for  a 

stationary  closed  system . in  general  is  given  by,: 

- ,  ll  •  ’  -  . 

,  ii  t*  *■  '  y  *  dQ  -'.dW  =  dUt"'  '  ;  - y 

dQ  =  dU  +  dW 

U*  -  'I  V:' <!•!>!>  1  ,  H  .  r 

"•  %■<  ■  *  ••  :i  f.  j  .  *  u  •  •  -  •  ' 

dQ  for  a  stationary  closed  system  undergoing  a  change  of 
state  quasi-statically  is  given  by 

dQ  =  dlT +  pdv  *  *  '  " 

'•  dW  =  pdv  ^  r  *  -  »  '  " 

dQ  =  CydT  +  pdv 

•fi"  *  *  .-•!  ••  •  >  •*  _~T  '  ■  ■  1 

dW  =  pdv  pvn a C = PlV? a p2v? 


-  .  >  i_n  < . •  '  -  : 

=  Cv  dv  p  =  Cv 


■*n  ••  ><+ 


W-  V  ■$.  » 


>  ?  1 

rv2 

=  Cv“n 
Vi 


^  *  > .  •  .  i  1}  -n+x  Vz 

)  -.c n--  -  -  -■ 

-n  +  1  v  i 


** «  a .  •  \ 


„  i-n  „  l-n 
_  Cv2  -  Cvi 

*  1  -  n  ' 

f  - •>  ‘  ^  *n  i-n 

=  P2V2V2  -  PlVlVl 

t  ■  i  ",vd  ,  v1  ;?  v  .  • 


J  >s*t  ,s 


1  -  n 

f  v '  , 


=  PlVl  f P2V2  _ 

>  <  t,l~  n\p1vl  ) 

n- 1  — 

=  RTi  /£2.\  n  _  x 

.v.O  ",  VPl J 
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53.34  x  530 


(  294  \ 
[14.7] 


.  3/1.3 


53.34  x  530  x  0.998 
0.3 

=  -93,800  ft-lbm 
.’.  iW2’  =  -120.4  Btu . 1  »  ' 


dQ  =  cy  dT  +  pdv 


.  1Q2  -  cv(T2 


-  TO  + 

-  T] 


■  -te) n 


=  ;i73(1057  -  530)  -  120.4  "  T2  ="  530  x  20 ' 


=91.3  -  120.4 


=  530  x  1.998 


iQ2  = -29.1  Btu . 


=  1057°  R 


dQ  =  c  dT 
n 


1Q2  =  cn(T2  -  Ti) 


=  _ Q _ 

T2  -  Ti  * 

-29.1  J 

527  ’  '  ?! 

=  -0.0552  Btu/lb  degree. 


CONSERVATION  OF  MASS 


•  PROBLEM  3-29 


Calculate  the  mass  rate  of  flow  of  air  through  a  pipeline 
with  an  inside  diameter  of  3.5  in.  if  the  average  velocity  of 
air  at  80°F  and  20  psia  is  110  ft/min. 
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Air •  ,  ■  f,  '  f  ‘  *  -  “i 

> — — - 1 - - — : - - - ^ 


r 

en°i?  _ i _ 

1 

_ 1 _ 

“ ' ' - — — ! - ) 

v=  110  ft/min  .  X 

Q  H _ _ _ 0 

20  psia  ^ 

1 

:  <  .  ‘  • 

- - -  pipe  d  =  3.S" 

Solution:  Using  the  ideal  gas  equation 

Pv  =  RT 

F  ■**  "m  ^  ■; 

And  from  the  conservation  of  mass 

i 

-M 

where 

,A  =, area  of  cross  section  of  the  pipe 

».  S.  i  ■  }  /  *  i  .  ! 

P  -  density  of  air 

\  .t*:  •>  i* 

From  (2) *  * 
m 

where  v 

From  (3)  v 

Combining  Eq.  (3)  and  CD,  gives 


.  3  '  fc- 


-  ..£  •  *  # 

=  specific  volume  of  air 
AV  '  '  *  D  4 

m 


m  =  pAV 

s  '  j  +  *  1 

V  =  velocity  of  air  =  110  ft/min 


(1) 


(2) 


(3) 


PAV 

m 


— -  =  RT 


m 


p  j  o 

RT  ’AV 


m  = 


20  x  144 


•(« 


n  4.  (=:  \  *  z  *  110 

(80+460)  ^  ^ 


\  29  J 


- 

-t<  b,’- 


m  = 


20  x  144  x  1  0.085  v  ,,n 

(53.41H540)  4  ~  110 


■  '  \t  .  ■:  A 

0.733  lbm/min. 
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•  PROBLEM  3-30 

Steam  enters  a  heat  exchanger  at  1.4  MPa  and  300°C,  where  it 
condenses  on  the  outside  of  some  tubes.  The  condensed  steam 
leaves  the  heat  exchanger  as  liquid  at  1.4  MPa  and  150°C  with 
a  flow  rate  of  5,000  kg/hr.  The  steam  is  condensed  by  water 
passing  through  the  tubes.  The  water  enters  the  heat 
exchanger  at  20°C  and  experiences  a  temperature  rise  of  20°C 
before  leaving.  Assuming  the  heat  exchanger  to  be  adiabatic, 
determine  the  flow  rate  of  water  required. 


I  ,  •  i 


Solution :  This  is  a  steady-state-steady-flow  process.  The 

First  Law  written  for  the  control  volume,  is 

Q  +  Im.h.  =  Im  h  +  W  (1) 

..  c.v.  l  i  e  e  .  c.v. 

••  f  •■■■  V  J 

Since  the  heat  exchanger  is  assumed  to  be  adiabatic, 

Q  =0,  and  also  because  there  is  no  work  done  on  or  by 

c .  v .  . 

the  system  W  =0.  Eq.  (1)  reduces  to,  a  . 

■  .  •  i  '  ♦ 

Sm.h.  =  Im  h  •  >  t  -  *  *  -  - 

i: 

Referring  to  the  accompanying  figure  for  the  different  states, 

and  denoting  m  as  the  mass  flow  rate  of  steam  and  m  as  the 
s  .  .  ,t  w 

mass  flow  rate  of  the-  cooling. water  obtain 

m^hj  +  m3h  3  =  m 2 h 2  +  m  4  h  4  ii 


ms  =  mi  = 
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and 


■*  ti »  **  ».* 


kf 

•*hf_ 


m  -*m3  ~  m4  ♦  ,  , 

••  •  t  :  !-  "■••v  :  *  i  M  .  ,  til-  1 

Hence  *.  f  j,,..  -r,  ,  .  ; 

?  *  A  •  *  t  4  -tos,  m  (hx-h2)  =  m  (h4~h3) 


w 


1-  - 


*'  '  1  ' ...  .t  2  . 

y  ^■■r~(h1-h2)~] 

mw  (h4-h3.)J 


1.  V 

",  (  *»•  , 


W 

s*  r 

Using  the  steam  tables 


m 


s  i 


(2) 


State  1:  The  gas  at  state  1  is  in  the  superheated  region. 


State  2: 
State  3: 
State  4: 


h x  =  3,040.4  kJ/kg 

*  ‘  '  -  if  \  f 

h2  =  h  =  632.20  kJ/kg  (liquid  at  T  =  150°C) 
h3  =  h  =.,83.96  kJ/kg  (liquid  at  T  =  20°C) 

^  -  '■  i  .  '  “  ,  .  ‘ 

h4  =  'hf  =  167.57  kJ/kg  (liquid  at  T  =  40°C) 
substituting  into  Equation  (2),  gives1 


m 


w 


(3,040.4  -  632.20) 
J167.57  -  83.96) 

144,013.8  kg/hr 

- 

2,400.2  kg/min. 
40.0  kg/sec. 


5,000 


%  *  -■  *->•  P  .  >  i 

■  if  '  4  rf  '_  •  -  *  ( 

THE  FIRST  LAW  FOR  OPEN  STEADY  -  STATE, 
STEADY  -  FLOW  SYSTEMS  * 

•  PROBLEM  3-31 


A  fluid  having  a  flow  rate  of  5  lbm/sec  passes  through  a 
pipe  where  heat  is  transferred  at  the  rate  of  50  Btu/sec. 
How  much  work  can  be  done  by  this  system  if  the  velocity, 
enthalpy-  and  height  at, .the  entrance  are.  100  ft/sec, 

1000  Btu/lbm, and  100  ft  respectively.  „  At  the  exit  the 
values  of  these  quantities  are  50  ft/sec,  1020  Btu/lbm, and 
0  ft.  What  is  the  area  of  the  inlet  of  the  pipe  if  the 
specific  volume  of  the  fluid  is  15  ft3/lbm. 

A 


Solution;  The  equation  to  be  used  to  calculate  the  above  is 
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where 


Hence 


a  AW  _  h  i  4>v*  -  Vi2  S  Z2-Zx  .I 
Aq  -  AW  -  C h2-h i  )  +  — " —  g  — J ! 


q  =  heat  transfer  per  unit  mass 

w  =  work  transfer  per  unit  mass 

h  =  specific  enthalpy 

g  -  acceleration  due  to  gravity 

g  =  constant  that* relates  force,  mass,  length  and 
time  in  Newton's  second  law  , of  motion 

J  =  Joules  equivalent. 


f  -  Aw  =  C 1 , 020-1 , ooo )  +  2^2.iytvfg) +  Htf  (~ 


-  100 
778 


10  -  Aw  -  20  -  0.15  ,-i  0.13 
Aw  =  -9.7  Btu/lbm 


This  answer,  when  multiplied  by  the  mass-flow  rate  (pounds 
mass  per  second),  has  the  dimension  of  power. 

Power  =  -48.5  Btu/sec 

Note  that  work  (or  power)  must  be  supplied  to  the  system,  a 
condition  indicated  by  the  negative  sign  of  AW. 


From  the  equation  below 


A  mfV  5(15)  _ 
The  area  A  =  y~  =  - 


=  0.75  ft 


•  PROBLEM  3-32 


An  air  compressor  takes  in  2  ft 3 /lb  of  air  at  15  psia  and 
compresses  it  to  a  pressure  ofr  110  psia.  The  specific 
volume  at  discharge  is  0.5  ft 3 /lb.  Calculate  the  amount  of 
heat  transferred  if  the  increase  in  internal  energy  is 
40  Btu/lb  and  the  work  done  is  70  Btu/lb. 


Solution:  The  different  forms  of  energy  to  be  considered  in 

this  case  are  the  flow  energy,  internal  energy,  work  and  heat 
For  unit  mass  (1  lb)  of  a  substance.  \ 

'  i 

W  -  £i£i-  -  ,  '  -■ 

"  1  -T 
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_  15  x  122  x  2 
778 

=  5.55  Btu/lb. 


='*  t 

-  P  2  v  2 

S*  J  =  * 


”  'I'#- 


(110) x 12 2  x 0.5 
778 

*  »  ■  ^ 

k  *■  * 

=  10.18  Btu/lb. 

•  :  •  ►  *  -r  5 

%  -*  -v  * 

iJAWfr  =  W2  -  W^  **10.18  -  5.55 


4.63  Btu/lb. 


In  any  case  of  compression,  work  must  be  done  on  the  air  to 
compress  it  and  work  therefore  is  negative  in  this  case. 

**  -t  o.. 

V’2’  v  K  ;  i  ‘  W  =’-70  Btu/lb'. 


The  change  in  internal  energy^is  r  ■  < 

Au  =  u 2 “  u i  =  40  Btu/lb’ 

The  total  heat  transfer  Q  can  be  given  by 

tCI .  ««•*  \ — ,  t .  '*  '  :»•*..  "  .  -V.' 

" W!|  Q  =  '  Au  +  AWf  +"W  k 

51  ‘s  =;  40  +‘  4.63  (-70) 


* 


=  -25.37  Btu/lb. 


The  negative  sign  shows  that  heat  is  given  out  during 
the  process, and  air  compressors  usual ly 'have" water  jackets 
for  the  purpose: of  cooling  theair  during  compression. 


•  PROBLEM  3-33 


A  pump  has  a  2  in.  diameter  outlet  pipe  which  is  5  ft  above 
the  inlet^pipe:  Brine  at  15°F  and  14  psia  enters  the  pump 
through  the  3".in  inlet  pipe  and^leaves  at  45  psia.  Assuming 
no  losses  calculate  the  power  required  to  maintain  a  flow 
rate  of  200  gallons  per  minute.  The  specific  gravity  of 
brine  is  1.20  lb/ft3;  r  ■  u-* 


108 


Solution:  This  is  an  example  of  an  extension  of  the  first 

law  to  open  systems,  across  the  boundary  of  which  there  will 
be  mass  flow  in  addition  to  the  possibility  of  heat  and  work 
transfer.  Assume  steady-flow,  conditions . 

*  i 


The  work  input 


W. 

in 


vdp  + 


Vi  "Vi 


2g, 


(Z2-Z1  ) 


(1) 


Since  brine  is  incompressible,  i.e.  v  -  const,  and  using  the 
continuity  equation  to  obtain  the  velocities,  the  work  input 
can  be  easily  calculated  using  equation (1). 


The  mass  rate  of  flow 

* 


M 


200 

60 


231 

1728 


x  62.4  x  1.20 


=  33.4  lb/sec. 

-  ^ 


Vi 


M 

pA  1 


33.4  x  4  *  122 
1.20  x  (62.4)  x  tt  x  "3: 2 

=  9.1  fps  -  .y  t  -4 


V2 


M 

pA  2 


PA1V1 

pA2 


x  9.1 


-  20.5  ft /sec . *  *  ' 


r 


* 


1». 


-  r- 


Win  =  v<P2-Pi>  +  (V-8  +  §-  (Z2-Zl) 


_ - _ _  (45_X4)144  +  32. 2  5 

1.2x62.4  2  x  32.2  32.2  % 


=  59.7  +  5.2  +  5  -  69.9  ft-lbf/lbm 
The  power  required  to  do  this  quantity  of  work  is 
P  =  M  W, 


c  . 


in 

_  33 . 4  x  69 . 9 
550 

=  4.245  hp. 


I 

£ 

I 

I 
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Oil  having  a  density  of '50  lbm/ft3  is  pumped  through  a 
pipeline  9000  ft.  long.  Calculate  the  work  needed  for  this 
purpose  if  losses  are  3  ft-lbf/lbm  per  100  ft.  (Refer  to  the 
figure. ) 


P2=  15  psia 
z2=  60  ft 
r  v,"  10  fps 


P x=  25  psia 
z  ,  =  0  ft" 

v,=  0  fps 


Solution  r  Taking  into  consideration-  the  different  forms  of 
energy  and  losses, 


A£  + 


AKE  +  APE  +  W  +  losses  =  0 


^ ^  g  +  W  +  losses  =  0 
P  2  gc  .'gc 

Substituting  the  values, 

l  :  * 

(15-25)  x  144  ^  ^ 

(15  25)  in2  x  144  ft2  +  (1Q2-Q2)  sec2  «  . 

50  lbm  2x32.2  — 

r  sec2lbf 


(60-0)  ft  32.2  -ft 


ft  lbm 
sec2  lbf 


+  vW  +  *  9000  ft  x  3rn~n~ft f 
100  ft 

\ t .  1*  r 


-  28.8  +  1.55  +  60  +  W  +  270  =  0 


W  =  -302.75  ft-lbf/lbm 


The  negative  sign  shows  that  the  work  done  is  transferred  to 
the  system.  - ■ 


•  PROBLEM  3-35 


Calculate  the  total  work  transfer  that  takes  place  for  a 
process  as  shown  in  the  figure. 


Methane  ' ^ 


Q  =  220  Btu/lb 
act  m 


Tj=  -50®  F  -v 

P  L  =  650  psia 

H  =  300  Btu/lb 
1  m 

S*  1.0  Btu/lb  °R 
i  m 

Z  j  =  100  ft 
Vj=  450  ft/sec"' 


T2=  +70°  F 

P,=  '25  psia 

if  1 

H2= ’’410  Btu/lb 
“  m 

Btu/lb^R 
Z2=  :;100  ft 
' V2=  ^150  ft/sec  . 


Solution:  Taking  into  consideration  the  different  forms  of 

energy 

Qact  -  (W)act  =  .Al4  AKE'  +  APE  W 


-  H,-Hl  +  +  (Z2-Z,)  f- 


*  .  ►  ;;;  ,  *  f  £  2 

220  8s  ■  '410-300>  +  a-5ga'a5°?iF 

m  ,  m.  „  m 

t.  .  ■  .  r  ■  -S,  „i  ,  sec?  lb.f  ..  . 


■  *  it 


(100-100)’  32.2  ft 


x  1  Btu  +  — _ ! 

778  f t-lbf  -32.2  ft-lbr 
1  sec2  lb- 


220  -  Wact  =  110  +  (-3.6)  +  0 


H  t  4t 


-  W  .  =  -113.6  Btu/lb  i 
act  m  is 
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W  =  113.6  Btu/lb 
act  m 


•  PROBLEM  3-36 


Snow  from  a  pavement  is  scooped  up  to  a  height  of  10  ft  by 
an  endless  bucket-scoop,  and  is  then  dropped  into  a 
container.  At  the  highest  point,  the  snow  moves  at  3  ft/sec. 

A  total  of  33  HP  is  needed  to  scoop  snow  at  the  rate  of 
100  Ib/sec .  Assuming  a  loss  of  10%  due  to  friction,  calculate 
the  total  work  done  and  the  percentage  of  total  work  needed 
to  melt  and  break  up  the  snow. 


Solution :  This  system  involves  changes  in  potential,  and 

kinetic  energy  plus  an  enthalpy  change  of  the  "flowing” 
material . 

The  total  work. 


W 


(Zi-Za) 


(  h !  -h  2  ) 


rh 


Vj  is  obviously  zero  since  the  snow  is  at  rest  until  picked 
up,  h2  is  greater  than  hx  since  frictional  energy  goes  into 
the  snow  to  melt  it.  Then  (if  the  energy  needed  to  melt  a 
pound  of  snow  is  144  Btu ) 

W  =  -  ^10  ft-lbf/lbm  +  +  0.1  x  144  x  778)  100  lbm/sec 

=  -(10  +  0.14  +  11,200)100  ft-lbf/sec  x™  HP-sec/f t-lbf 
=  20.4  HP 


The  input  to  the  scoops  is  33  HP  so  that  the  12.6  HP  not 
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included  goes  into  breaking  the  snow  out  of  its  banks,  or 
12.6/33  =  39.3%  of  the  total  work  input. 


•  PROBLEM  3-37 


^  -  X  »  m'z  /sec 2  *  l(N-secz /kg-m) ■-»-  N-m/kg  ■+  j /kg 

.  J  •;  .  ■>.■*»  ;» •/  C  -  ■*.  *1  • .  ■ 

Agz  =  g(z2-Zl)  =  -9.8(3-  0)1  =  -29.4  j/kg 
Then  Eq.  (1)  gives 

* *■.%+  Ae  =  ;-753 , 300  -  4.455  -  29.4 

.  _  ,=*-753,333.85  J/kgx  ^  ^  1 

*  '  /  r  .  . 

=  -753.34  kJ/kg. 

’  r--  .... 


■  s  .  •  PROBLEM  3-38 

Steam  enters  an  adiabatic  turbine  in  a  boiler  at  a  pressure 
of  1000  psia  and  1000  F,  and  leaves  at  3  psia.  The  turbine 
inlet  is  higher  than  the  exit  by  10  ft.  Calculate  (a)  the 
turbine  work/unit  mass  of  steam  andXb)  the  effect  in 
percentage,  each  term  has  on  the  turbine  work,  if  the  inlet 
steam  velocity  is  50  ft/sec  and  the  exit  velocity  is 
1000  ft/ sec.  *1*^  ' 


Solution:  (a)  The  turbine  work  under  reversible  adiabatic 

conditions  is  given  by  the  equation, 

w i  =  (h2-h3)  +  (K.E. 2  -  K.E. 3 )  +  (P.E.2-P.E.3) 

O  5 

h 2  ^  1505.9  Btu/lbm  s2  =  1.6530  Btu/lbm-R 

S  3  =  S2  =  S  -  (f'-'x')s. 

g*  fg 

1.6530  =  1.8861  -  (1  -  x)l. 6852;  (l-x)=  0.1383 

h  3  =  hg  -  (1  -  x)hf  =  1122.5  -  (0.1383X1013.1) 


total  energy  available  for.  work  =  543 . 5  Btu/lbm 

(b)  _ _  ..  .  .  . 


f / 523.54 

(Ah)  =  - 

\  543.5 


■.  *  1  ■% U  l  *  £  f  » 

(100)  =  96.3  percent 

’  -  V  9  C  :r.  :  - 


(AK.E.)  = 


19 . 95  W  -  -  • 

-  j  (100)  =  3.6  percent 

543.5  / 
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/0.0128N  ! 

(AP.E.)  = -  (100)  =  0.1  percent 

V  543.5  / 


•  PROBLEM  3-39 


As  indicated  in  the  figure,  steam  enters  a  steam  turbine 
at  400  psia  and  700  F  and  at  a  rate  of  440,000  lb/hr;  and 
255,000  lb  of  steam  per  hr  are  extracted  at  35  psia  and 
290  F.  (These  conditions  can  be  measured  because  the 
steam  is  superheated.)  The  remainder  of  the  steam  passes 
through  the  turbine  and  exhausts  at  1  in.  Hg  abs  with  a 
velocity  of  500  ft/sec.  (Although  the  exhaust  pressure  can 
be  measured,  it  is  difficult  to  measure  the  moisture  content 
of  steam  at  very  low  pressure.  The  exit  velocity  can  be 
approximated  by  a  knowledge  of  the  flow  area,  the  mass  rate 
of  flow,  and  the  approximate  specific  volume.)  The 
horsepower  delivered  by  the  turbine  is  44,000  hp.  Determine 
the  specific  enthalpy  of  the, exhaust  steam. 


(Take  g  =  32.174 


,J  -  778:16 


ft. lb. 


Solution :  The  specific  enthalpy  for  each  state  is  shown  in 

parenthesis  in  the  figure.  There  will  be  a  small  amount  of 
heat  lost  from  the  turbine,  generally  less  than  1  Btu/lb. 
This  heat  loss  is  neglected  in  the  energy  balance.  The 
energy  entering  the  system 

mjhi  =  440,000x1362.7  =  599-600,000  Btu/hr 

The  energy  leaving  the  system  is 

f  V21 

Wturb  +  m3h3  +  (m1-m3)  h2  -  2“jJ  . V  m 
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a  44,000  X  2544  +  255,000  x  1183  +  (440,000  -  255,000) 


+ 


5002  \ 
2gJ  ) 


=  111,900,000  +  301,700,000+  185,000  h2  +  925,000 


=  414,500,000+185,000  h2 


When  the  energy  entering  the  system  is  equated  to  the 
energy  leaving,  the  result  is 


U 

Hence , *  k  ■ i 

*  ,n. 


* 


599,600,000  =414,500,000  +  185,000  h2 

i  **  , 

„  ”  -  \ 

„  f  ,  *.  i  -frf  TPs/'t  ' 

■  •  h>2  =  1000*Btu/lb  ■ 

*  >.  * 

,  *  t  i  . 


•  PROBLEM  3-40 


10 , 000^ lbm/min’ of  air  expands  polytropical ly  from  60  psia 
and  2000  F  to  15  psia  in  a  turbine.  Calculate  the  work  and 
heat  in  S.I.  units  if  the  value  of  the  exponent  n  is  taken 
as  1.75.  H  i 


( 

Boundary 


Solution :  From  the  first  law  energy Hn  will  be  equal  to 

energy  out.  *■  *  ’  -  •  *  1  5  0 

...  r  .  .  !•  .  • .  •  .  j  f  „  f ,  ■'••••  *■  i  ' 

• mh  j  =  mh  2  +  fW  ’+  Q-  ' 
h  i  -  h  2  =  c  (Tj  “  t2> 

Q  =  mcn(Tj  -  Tx ) 

The  outlet  temperature  and  >the  specific  heat  must  be 
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calculated  before  the  problem  can  be  solved. 

/p2\(n"1>/n  /15\°.7SA-75 

T,  =  T J -  «  2460  - 


T2  =  TJ  — 
\Pi 


0.24  -  (1.75X0. 1714) 


=  1360  R 


=  +0.080  Btu/lbm-R 


-0.75 

\ 


Q  =  me  <T2-Txy=  (10,000X0.08X1360  -  2460) 
n  , 

$  =  -8.8  x  105  Btu/min  or  heat  loss 

(hi-h2)  =  cp(Ti  -  T2)  =  (0.24) (2460-1360)  =  264  Btu/lbm 

W  -  m(hx  -  h2  )  -  Q  =  (io, 000X264)  -  8.8*  105 
W  =  1.76  x 106  Btu/min  =  4.15 x 104  hp  ' 

There  are  1.055  kJ/Btu  and  also  0.746  kW/hp. 

-  *  i 

;i 

6=  (8.8x10s)  Btu/minxl.055  kJ/Btux —  min /sec  =  1.547 x 104kW 

.  .  60  •  i  ; 

W  =  ( 4. 15  x 104 )  hp x  0.746  kW/hp =  3. 096  x lo”  kW 

There  is  only  one  set  of  units  for  power ,  and  the  energy 
form  must  be  reduced  to  its  final  form. 


•  PROBLEM  3-41 


The  given  data  is  for  a  steam  power  -plant  as  shown  in  the 

figure.  _  . _ 

Location  Pressure  Temperature  or  Quality 

Boiler  exit  400  lbf/in2  600F  ‘  -r 

At  turbine  entry  380  lbf/in2  560F 

At  turbine  exit,  ij* 

condenser  entry  2  lbf/in2  93% 

Leaving  condenser,  k.  ' 

entering  pump  1.9  lbf/in2  115F 


400  lbf/in2 
380  lbf/in2 

2  lbf/in2 

1.9  lbf/in2 


If  the  pump  work  is  3  Btu/lbm,  calculate  the  following  per 
pound  mass .  r 

(a)  Heat  transfer  between  boiler  and  turbine 

(b)  Turbine  work 

(c)  Heat  transfer  in  condenser  ;  v% 


(d)  Heat  transfer  in  boiler. 
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Solution:  .  For.  the  turbine 


q ,  .  +  h,  + 

Mturb  2 


v22  g  .  .  -  V3  _?  g 

7“  +  ~  Z2  "  Wturb  +  h*  +  —  +  —  Z 
2gc  gc  2gc  gc 


i* .  >  \ . . '  ■  *\ r  -  .  !:  1  ..r 

For  the  boiler  (no  work  "is  involved) 


toiler 


'  '  Vf  ■  -  g  :  vf-  g  -! 

+  h  5  +  -  +  —  Z  5  =  h  1  +  -  +  —  Z  x 

*  :  2gc  gc  "  ,  2gc  '  gc  ■ 


We  might  also  use  the  alternate  but  equally  acceptable 
notation 


^turb  2<*3  ^boiler 

£  .  M 

Assume'that  changes  in  kinetic  and  potential  energy  are 
negligible. 

1  *  ■*  — 

The  following  property  values  are  obtained  from  the 
steam  tables,  where  the  subscripts  refer  to  the  figure. 

hx  =  1306.9  Btu/lbm 

;  \  " 

h2  -  1285.2  Btu/lbm 

V*  .  ‘  ■'  1  i- 

h  3  =  1116.2  -  0.07(1022.2)  =  1044.7  Btu/lbm 
h,,  -  82.9  Btu/lbm 

(a)  For  the  pipe 'line  between  boiler  and  turbine, 

1q2+hi=h2 


xq2  =  h2  -  hi  =  1285.2  -  1306.9  =  21.7  Btu/lbm 


(b)  A  turbine  is  essentially  an  adiabatic  machine,  and 
therefore 


118 


h3  +  2W3 


h2  “  h3  +  2W3  Zi  '  ±it  *  -■ 

IS 

2w3  =  1285.3  -  1044.7  =  240.6  Btu/lbm 

(c)  For  the  condenser  the  work  is  zero.. 

3q4  +  h  3  =  h  4  .  „ 

3q  4  =  82.9  -  1044.7  =  -961 . 8i  Btu/lbm 

(d)  The  enthalpy  at  point  5  may  be!r  found  by  considering  the 
steady-flow  energy  equation 'across^ the  pump 

•»  w  5  +  h4  =  h5 

p  ••  i 's- 

h 5  =-  3.0  +  82.9  =  85.9  Btu/lbm 

'¥  ■  : :  * 

(e)  For  the  boiler  v  , 

sqi  +  h5  =  hi 

■  Hh  . 

5qi  =  1306.9  -  85.9  =  1221 . 0[  Btu/lbm  ' 


•  PROBLEM  3-42 


cooling  water 

Solution : 
fol lowing 

Referring  to  the  figure  for 
are  obtained.  !! 

the  states,  the 

State  1: 

saturated  liquid*  T  =  -30°C 

■  % 

r  it  ^ 

V 

rli 

h j  =  174.076  k'J/kg 

*  : 

The  First 

Law  written  for  Freon-12  is 

Solving  for  h2. 


Since  two  independent  properties  are  known,  namely  P  and  h, 
a  third  (T)  can  be  found  from  the  Freon-12  tables. 

The  value  T  =  57.49°C  was  obtained  by  interpolation. 


*  f  .  •  PROBLEM  3-43 

Steam  enters  the  nozzle  of  a  steam  turbine  with  a  velocity 
of  10  ft/sec  at  a  pressure  of  500  psia  and  a  temperature  of 
1000°F .  At  the  nozzle  discharge  the  pressure  and  temperature 
are  300°F  and  1  atm.  Calculate  the  discharge  velocity. 

Refer  to  the  Figure. 
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V 


P-500  psia  P«1  atm 
T=1000°F  T=300°F 
Vj=10  fps 


(a)  The  control  volume  (b)  The  process  representation 


Solution :  In  nozzles,  the  frictional  effects  between  the 

fluid  and  the  walls  have  to  be  taken  into  consideration.  By 
choosing:  the  boundary  of  the  control  volume  as  shown  in 
Figure  (a),  this  effect  becomes  internal.  In  this  case 
if  the  flow  is  steady,  the  frictional  effect  can  be 
neglected,  i.e.  it  is  not  necessary  to  take  into  account  what 
is  going  on  within  the  control  volume.  Also  assume  that  the 
control  volume  is  adiabatic,  so  that  no  energy  transfer  as 
heat  takes  place  across  the  control -volume  boundaries.  This 
does  not  mean  that  no  energy  transfer  as  heat  takes  place 
within  the  control  volume,  but  any  such  transfer  would  not 
be  involved  in  a  steady-flow  steady-state  analysis. 

The  conservation-of-mass  principle  implies  that  the  flow 
rate  is  the  same  at  sections  1  and  2.  In  applying  this 
principle  assume  that  the  flow  is  one  dimensional  at  1  and  2, 
which  means  that  the  properties  are  uniform  across  the 
sections.  The  energy  per  unit  of  mass  is  taken  as 


In  evaluating  u  as  a  function  of  the  temperature  and  pressure 
assume  that  the  motion  in  no  way  alters  the  thermodynamic 
equations  of  state.  In  microscopic  terms,  even  though  the 
fluid  is  accelerating,  the  molecules  behave  locally  as  if 
there  were  no  bulk  motion.  Also  neglect  any  differences  in 
the  potential  energy  of  position  of  the  entering  and 
emergent  flows. 

The  internal  process  is  quite  complicated.  However, 
only  the  states  of  the  fluid  at  1  and  2  need  to  be  known. 

Several  important  simplifying  idealizations  have  been 
made,  and  they  are 
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a)  Steady  flow  steady  state 

b)  Adiabatic  control  volume 

c)  One-dimensional  flow  at  1  and  2 

d)  Equation  of  state  the  same  as  for  a  simple  compressible 
substance 

t 

e)  Changes  in  the  potential  energy  of  position  negligible 


With  these  idealizations,  application  of  the  conservation- 
of-energy  principle  to  the  control  volume  gives,  on  a  rate 
basis, 


M  u  +  Pv  + 


2g 


-  M  u  +  Pv  + 


c/i 


2g 


=  0 


c/  2 


energy-inflow 

rate 


energy-outflow  energy- 
rate  storage 

rate 

,*  t  j 


Solving  for -the  discharge  kinetic  energy  per  unit  of  mass, 


Vjd  _  hi 

2gc  2gc 


+  [(u  +  Pv)i-  (u  +KPv ) 2 ] 

■Vi 

■  ■  t- 


«>■ 

'-J'  .  .  •  '  f 

The  intensive  thermodynamic  states  are  fixed  by  the 
temperature  and  pressure  measurements  (steam  tables) 


Ti  =;■  1000°F 
Pj  =  500  psia 
Ui  =  1360  Btu/lbm 
Vi  =  1.7  f  t 3  / lbm 


T2  ="300°F 
P2  =  14.7  psia 
u2  .=  1110  Btu/lbm 
v 2  =  31  ft 3 /lbm 

■  ..  I  -  t 


Hence 

hi  =  (uj  +  PiVi)  =  1520  Btu/lbm 
h2  -  (u2  +  P2v2 )  =  1193  Btu/lbm 


T  , 


Then 


hi 

2g„ 


10' 


t-  *  > 


2  x  32.2 


(ft 2 /sec2 ) / ( ft- lbm / lbf -sec 2 ) 


=  1.55  ft-lbf/lbm  =  2x10' 


Btu/lbm 


2  x  10 


+  1520  -  1193  =  327  Btu/lbm  =  254,000  ft-lbf/lbm 


V2  =  /2  *  32 . 2  f t-lbm/lbf-sec2  x  254,000  ft-lbf/lbm «  4100  ft/sec 
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•  PROBLEM  3-44 


Air  at  100°F  and  100  atm  is  passed  into  a  storage  tank  from 
a  large  high  pressure  vessel, at  the  rate  of  0.05  moles/min, 
in  order  to  increase  the  flow  of  water  from  the  tank.  The 
tank  contains  50  ft 3  of  air  at  1  atm  and  50°F  and  50  ft3  of 
liquid.  When  the  pressure  in  the  tank  becomes  5  atm,  the 
liquid  is  released  at  the  rate  of  5  ft 3 /min. 

Calculate  the  air  temperature  when  the  pressure  reaches 
5  atm  and  when  the  liquid  has  been  drained  completely. 

Neglect  all  losses  and  assume  air  to  be  an  ideal  gas  with 
Cy  =  5  Btu/ lb-mo 1°F . 


Solution :  The  process  can  be  divided  into  two  periods. 

(1)  The  period  during  which  the  pressure  rises  from  1  to 
5  atm  and  the  volume  of  the  gas  in  the  tank  is  constant, 
and  (2)  the  period  during  which  liquid  is  drained. 

(X)  The  most  convenient  system  is  the  gas  in  the  tank  at 
any  time,  which  is  an  open  simple  system  with  constant 
volume.  The  temperature  of  this  system  is  related  to  the 
energy  and  moles  by  the  equation, 

Cydt  +  NU0  (1) 

and  to  the  pressure,  volume,  and  moles  by  the  equation 

PV  =  NRT.  (2) 

The  energy  may  be  related  to  the  moles  by  using  the  First 
Law  for  an  open  system.  These  three  relationships  can  be 
solved  simultaneously  for  the  temperature  as  a  function  of 
pressure. 

Using  the  integrated  form  of  the  equation. 
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r 


dU  =  dQ  -  dW  +  Eh  dm  -  Eh. dm. 

a  o  e  e  e  ^  I  1  1 


(3) 


the  First  Law  for  an  open  system, in  the  absence  of  body  force 
fields,  becomes 


'AU  =  Q  W  + 


where 


and 


,  h  dn 
-J  e  e 


Qa ■ =  0  '  • 

W  =‘  0  ' 

o 

ti  =  u  +  P  v  =  constant 
e  e 


dn  =  N  2  -  N ! 
e 


(4) 


where  it  is  assumed  in  the  hg  relation  that  the  volume  of 
the  vessel  is  large  relative  to  that  of  the  tank.  Thus 


U2  -  Ui  =  (u  +  Pev)(N2  -  Nj. ) 


(5) 


Substituting  Eq.  (1)  for^the  energy  terms  and  Eq.  (2)  for 

(6) 


Pev,  and  simplifying,  yields 


N2CyT2  -  N i C yT !  =  (N 2  -  Ni)(Cv  +  R)Te 

Substituting  for  N2  and  Ni,  and  rearranging, 

<T 

T  2  =  - = 


where 


l  + 


K  = 


ik- 


H 


(7) 


C  +  R 
v 


Thus, 


Also 


T2  = 


(1.4X560) _ 

i  +  -  i] 


=  709°R  or  249°F 


P2V 


2  v  2 


N2  = 


(5) (50) 


RT2  ( 0. 730) ( 709 ) 


=  0.48 


The  final  temperature  of  the  gas  is  higher  than  that 
of  either,  the  initial  temperature  or  the  temperature  of  the 
incoming  gas.  In  the  limit  where  P2  »  Px,  the  temperature 
approaches  icT  .  independent  of  the  initial  conditions  in  the 
tank.  e  «  i . 
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Step  (2):  If  the  system  is  again  chosen  as  all  of  the  gas 
in  the  tank  at  any  time,  the  analysis  is  similar  to  that  of 
Step  (1)  except  that  the  volume  of,  this  system  is  changing 
continuously.  As  a  result  of  this  complication, 

W  =  P  dV  cannot  be  evaluated  until  the  pressure-volume 

a  J  —  «• 

history  is  determined.  In  this  case,  the  differential  form 
of  the  First  Law  for  an  open  system,  Eq.  (3),  is  more 
convenient.  *• 

t :  *  ¥ 

Thus,  ^  ’ 


*  <*U  =  d Q*  -  dW_  +i  h  dn 


e  e 


(8) 


where 


dU  -  N  dU  +  U  dN= 


dQa  =  0 


dW, 


p  dV  £*. 


so  that 


dn_  =  dN 
e 


*  f 


h  =  u  +  P  v  =  u  :  +  RT 
e  *  e  4  -  •  ,  e 


N  dU  +  (U  -  u  -  RTe)dN  +  P  dV  =  0 


(9) 


and 


dT 


K  T  \  ...  .<  .j  dV 

-ydN-  R  _  — 

1  -  ~)  T  c^T'° 


(10) 


Since 


m- 


dN  =  0.05  dt; 


N  *  0.48  +  0.05  t 


and 


dV  =  5  dt; 


Eq.  (10)  becomes 


«  +.'/  !  .  lie)  _dt_ 

T  l  1  T. 1  9.6  t  t 


V(  -=  50  +,5  t. 

“  '  ' 


dt 


10  +  t 


=  ,0 


Integration  of  this  equation  from  |t  =  0  to  10  min  yields  the 
final  temperature;  T  =  544°R  or  84°F. 
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THE  FIRST  LAW  FOR  CLOSED  UNIFORM  -  STATE, 
UNIFORM  -  FLOW  SYSTEMS 


•  PROBLEM  3  -45 


A  steam  pipe  containing  saturated  steam  at  100  psia  is 
connected  to  an  empty  cylinder.  What  will  be  the  final 
state  of  the  steam  if  the  cylinder  is  filled  with  steam 
at  the  same  pressure  as  the  pipe? 


Solution :  Since  the  cylinder  is  empty  at  time  zero, 

mx  =  0  and  ux  =  0,  while  ef  =  h,  the  enthalpy  of  the  fluid 

in  the  reservoir.  Then  the  equation 

Qcv  +  ^mihi  =  £mehe  +  (m2u2-m1u1)  +  W12 

reduces  to 


m2u2  =  m2ef 

From  the  steam  tables  for  100  psia  saturated  steam, 

h  =  1187.2  Btu/lb  T  =  328°F 
m 

The  final  conditions  in  the  tank  are 

P2  =  100  psia  u2  =  e  =  1187.2  Btu/lb 

i  m 

Interpolating  in  the  steam  tables  for  these  values, 

Tz  “  540°F  (P2  =  100  psia) 

The  temperature  rise  from  compression  of  the  steam  in  the 
container  is 


540°  -  328°  =  212°F 

Thus,  the  steam  in  the  container  is  highly  superheated 
although  the  steam  in  the  reservoir  is  not. 


•  PROBLEM  3-46 


A  well  insulated  cylinder  of  volume  V  contains  gas  initially 
at  a  temperature  Tq  and  pressure  pQ.  External  gas  at  a 

temperature  Ti  is  passed  into  the  cylinder.  This  flow  rate 

decreases  exponentially  with  time  according  to  ih  =*  m  e”at. 
Neglecting  kinetic  energy  of  the  gas  and  assuming  ideal  gas 
behavior,  calculate  the  temperature  and  pressure  of  the  gas 
in  the  cylinder  as  a  function  of  time.  Assume  the  gases 
have  constant  specific  heats. 
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Solution :  Since  the  cylinder  is  well  insulated,  Q  =  0; 

there  is  also  no  external  shaft  work,  i.e.  W  =  0;  hence  the 
equation 


dE  _  Ih?  .  jSQ  6W 

dt  i  1  dt  dt  dt 


(1) 


becomes 


dE  .  o  dm  .  o*  -at 

dt  h  dt  h  moe 


On  integrating  and  using  the  condition  E  =  E  at  t'=  0 

o 


h°m. 


E  =  E  + 
o 


°  (1  _  e-at) 


where  Eq  is  the  initial  energy  of  the  cylinder  at  the 
beginning  of  the  charging  process. 

”  As  both  the  kinetic  and  potential  energies  are 
negligible,  ,  .  r  >  . 

I  .  ,  *  '  '  If 

m  , 

Mu  =  M  u  +  *~  <1  -  e~at)  (u i  +  pxVj)  j[ 

Further,  from  conservation  of  mass  obtained  by  integrating 
the  mass  flow  rate  equation  , 


M  *  M  + 
o 


mo(l  -  e"at) 


Eliminating  M  between  these,, two  expressions  yields^ 

m  .  t.  m  - 

-{Mo  +  X  (1  “  e  >}u  “  Mouo  "  (1  "  e  ><ui  +  BTi) 

hence 


*  ,  -  ■  ] 
m  , 

Mocv(T  *  V  =  (1  -  e  Hcv(Ti  -  T)  +  RT,} 


x.e. 


T  = 


MocvTo  +  “o  <1  -  e-at)c  Tl 
_  a _ ^ 

mo  -at 

{„o  +  -S>  (1  .  e  aS.}cv  _ 


whence 


d  -  _  R  r \i  „  rp  ,  o  , .  -at.  m  i 

P  =  "'yy—  =  zz -  {M  C  T  +  -  (1  -  e  )c  Ti  } 

V  Vc  o  v  o  a  d  1 

V  t 


12? 


m  R 

=  po  +  ~$T  (1  -  e'at)vT, 


Notice  that  if  the  mass  inflow  is  large  compared  to  the 
initial  mass  in  the  cylinder  the  temperature  inside  the 
cylinder  tends  to  yTj.  on  fully  charged,  i.e.  as  t  tends  to 
infinity.  If  the  tank  is  evacuated  initially,  the 
temperature  inside  the  cylinder  becomes  independent  of  time 
and  is  equal  to  yT j  throughout  the  entire  charging  process. 


For  the  case  where  the  charging  is  effected  by  a  high 
pressure  main,  the  charging  process  will  stop  when  the 
pressure  inside  the  cylinder  reaches  that  of  the  main.  The 
charging  time  can  be  found  by  setting  p  =  Pi  in  the  pressure 
relation;  hence  the  final  temperature  can  be  obtained. 


•  PROBLEM  3-47 


A  1  ft3  cylinder  containing  an  ideal  gas  at  a  pressure  of 
10  atm  is  kept  in  a  larger  tank  at  a  pressure  of  1  atm  and 
535°R.  Calculate  the  work  done,  heat  transferred  and  the 
change  in  internal  energy  if 

(a)  the  gas  starts  leaking  slowly  such  that  the  cylinder 
and  gas  still  remains  at  a  constant  temperature. 

(b)  If  the  cylinder  is  insulated  and  the  process  is 
adiabatic. 

(c)  If  the  valve  is  suddenly  opened  and  the  tank  pressure 
above  a  hypothetical  piston  falls  to  atmospheric 
pressure.  The  cylinder  is  insulated  and  the  process 
is  adiabatic. 

(d)  If  the  process  is  polytropic  with  n=1.3. 


Solution :  a)  The  process  describes  the  system  as  that 

quantity  of  gas  remaining  in  the  cylinder  at  the  final 
pressure  and  temperature.  During  the  process  this  quantity 
of  gas  may  be  considered  as  separated  from  the  remaining 
cylinder  contents  by  a  free-floating  piston.  In  this  case, 
the  pressure  decreases  very  slowly  so  that  the  process  can 
be  considered  as  an  isothermal  reversible  expansion  of  an 
ideal  gas. 


From  the  ideal  gas  law,  the  quantity  of  gas  remaining 
in  the  cylinder  at  the  final  temperature  and  pressure  is 


m  =  p 2 v 2  / RT 2  =  (l)(l)/(0. 73X535)  lb  moles 
According  to  Eq.  (1), 
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(1) 


P  =  RTln  (1 

A  =  RTln  (2±\ 

V  -  -  l  V 

Vi  \ 

1 )  \  P  2  j 

J 

li¬ 


the  work  performed  is 

w  =  mRTln(Pl/p2)  °  ((6973)(5Z5)  ln<10)  =’6'30  Btu 

Since  the  process  is  isothermal, 

•  -  &■ 

AE  =  0 


for  any  ideal  gas;  then  the  heat  transferred  is  equal  to 
the  work  done. 


Q  =  w  =  6 . 30  Btu 

b)  If  the  leak  is  sufficiently  slow  that  the  process  can 
be  considered  reversible,  the  final  temperature  may  be 
determined  from  Eq.  (2)  -  * 

1  R_  4 

II  -  °P  (2) 

T l  "  \Pi)  ■■ 

For  a  monatomic,  ideal  gas  with  a  temperature  independent 
Cv  of  3  Btu/ ( lb  mole)(°R)  and  a  Cp  of  5  Btu/( lb  mole ) ( ®R) , 

T2/T1  =  (l/10)2/s  lr=  0.398 

where  an  approximate  value  of  2  Btu/(lb  mole)(°R)  has  been 
used  for  the  gas  constant  R.  Therefore 

T2  =  .(0.398X535)  =  213°R  or  -247°F 


The  quantity  of  gas  remaining  in  the  cylinder  at  the  end  of 
the  process  is 

m  =  (l)(l)/(0. 73X213)  lb  moles 
According  to  Eq .  (3)  the  work  is 


(3) 


-  (ol73)(li3)  {1  -  °‘398)  “  6'21  BtU 

In  this  case,  Q  is  zero  and  , 

AE  =  -w 


or 


( 3 )  ( 213  -  535) 
;  (0.73) (213) 


-6.21  Btu 


If  the  fluid  were  an  ideal  gas  with  a  temperature 


129 


independent  C  of t 5  Btu/(lb  mole)(°R)  and  a  C  of 
'  v  .  a  ;  *  -  P. 

7  Btu/(lb  mole)(  R),  the  final  temperature  and  the  energy 
changes  would  have  different  numerical  values.  In  this 
case,  the  final  temperature  would  be 

2/7 

T2  =  ( 535 )  /  ( 10)  =  535/1.93  =  277°R  or  -183°F 


The  quantity  of  gas  remaining  in  the  cylinder  atvthe  end  of 
the  process  would  be 


f 


m  =  (l)(l)/(0.73)(277)  lb  moles 

.  t  .  ..  .  *  •  ,  r  .. 


and  the  work  done  would  be 

Wx  =  (0.73)  (277)  (  \  *  [  V93«l  =  6,38  Btu 

<f  y  -  *  vi  *  r 

(c)  In  this  case  the  process  is  irreversible,  and  the  final 
temperature  is  determined  by  Eq.  (4). 


_  Cl R  +  Pa/Pi 
1  2  _  V  _ 

Ti  C  /R  +  Pa/P2 
v 


(4) 


For  an  ideal  gas  with  a  temperature  independent  Cv  of 
3  Btu/(lb  mole)(°R)  and  a  Cp  of  5  Btu/(lb  mole)(°R), 

T2  _  (3/2)  4-  (1/10)  =  1.60  =  n  adn 
T1  (3/2)  +  1/1  2.50 

T2  =  V535)(0.640)  =  342°R  or  -118°F 

The  quantity  of  gas  remaining  in  the  cylinder  4s 

m  =  (l)(l)/(0.73)(342)  lb  moles 


In  this  case,  w  and  ~AE  are  given  by  Eq.  (5). 

'"RTz  _  RT r 
a |  P2  Pi 


w  =  P 


=  -AE  =  C  T 
v 


[■•« 


(5) 


( 3  )  ( 535 ) 

( 0 . 73 ) ( 342 ) 

*  -  *  }  i 


(1  -  0.640)  =  2.31  Btu 


For  an  ideal  gas  with  a  temperature  independent  Cv  of 

5  Btu/(lb  mole)(°R)  and  a  C  of  7  Btu/(lb  mole)(°R),  the 
final  temperature  would  be  p  „ 

Tj.  =  (5/2)  +  (1/10)  =  2^6  = 

T1  (5/2)  +  1/1  3.5 

T2  =  ( 535 ) ( 0 . 743 )  =  397°R  or  -63°F 

The  work  done  would  be  *  "  -  •  r 
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*  _  _  ( 5 ) ( 535) ( 1  -  0 ♦ 743)  =2,37  Btu 

w  -  -AE  ( 0 . 73) ( 397 ) 

(d)  In  this  case  the  final  temperature  is  given  by  Eq.  (6). 


T2  =  /M 

T 1  \PiJ 


(n-  1)  /n 


(6) 


0.3/l. 3 

=  (1/10)  =  0.587 


T2  =  ( 535 ) ( 0 . 587 )  =  314°R  or  -146°F 
The  number  of  moles  remaining  in  the  cylinder  is 

i 

m  =  (l)(l)/(0. 73X314)  lb  moles 


V 


J 


The  work  is  given  by  Eq.  (7)1 


w 


PlVl 


n~l 


(n-i) /ril 


1  - 


(7) 


- Wl  -  0.587)  =  6.42  Btu 


“  (0.73)(314)(1.3  -  ,1) 

g 

For  an  ideal  gas  with  a  temperature  independent  Cy  of 
3  Btu/ ( lb  mole)(°R),  the  change  in  internal  energy  is 


( 3 )  ( 314  -  535)  _  00 

AE' - (6. 73 ) (  314) - 2‘89  BtU 


it  -<f 


From  the  general  energy  balance 


Q  =  AE  +  w 

Q  =  -2.89  +  6.42  =  3.53  Btu 


For  an  ideal  gas  with  a  temperature  independent  Cv  of 
5  Btu/ (lb  mole ) (  °R) ,  '  * 


AE 


( 5 ) ( 314  -  535) 
(9.73)014) 


-4.81  Btu 


h- 

1 


and 


it  1 


Q  =  -4.81  +  6.42  =  1.61  Btu 
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•  PROBLEM  3-48 


A  well  Insulated  cylinder  having  a  volume  of  20  ft3  contains 
?. 0  lb  of  air  at  40  psia.  Due  to  a  leak  some  of  the  air 
escapes.  Determine  the  amount  of  air  left  if  the  pressure 
inside  the  tank  is  20  psia  when  the  leak  is  fixed.  Assume 
specific  enthalpy  h  =  1.4  u  =  0.24  T  =  0.0045  pvt  where  u 
and  h  are  in  Btu/lbm,  T  is  in  °R,  p  in  psfa  and  v  in 
ft 3/lb. 


Solution :  Define  the  open  system  as  being  the  region  within 

the  cylinder.  The  mass  of  air  remaining  in  the  cylinder  at 
20  psia  will  depend  on  the  temperature,  and  the  temperature 
will  be  influenced  by  the  energy  removed  from  the  system  by 
means  of  the  outflowing  air;  the  first  step  is  to  set  up  an 
energy  balance  for  the  system.  Since  the  properties  of  the 
air  crossing  the  system  boundary  vary,  the  differential  form 
of  the  energy  balance  must  be  used.  As  an  infinitesimal 
mass  of  air,  6m0,  flows  out  of  the  system,  the  mass  of  the 

air  within  the  system  m  changes  by  an  amount  dm.  Since 
mass  6m0  leaves  the  system,  6m0  =  -dm.  Since  Q  -  0  and 

W  =  0, 


Decrease  in  stored 

stored  energy  of 

flow  work  of 

energy  of  air  in 

= 

6m0  leaving 

+ 

6m0  leaving 

cylinder 

cylinder 

cylinder 

-dU  =  eo6m0  +  pov06m0  =  (e0  +  PoV0)6m0 

where  a  property  without  a  subscript  is  a  property  of  the 
air  in  the  cylinder.  Potential  energy  changes  can  be 
neglected.  Section  0  is  located  just  upstream  of  the  small 
valve  opening  so  that  KE0  is  negligibly  small,  e0  =  u0  and 
the  last  equation  becomes 


-dU  =  (uo  +  p0vo)<5nio 
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Since  the  properties  of  the  air  leaving  are  the  same  as 
those  of  the  air  in  the  tank,  u0  =  u,  Po  =  P,  and  v0  =  v. 
Recalling  also  that  6m 0  =  -dm,  • 

—  ■  • 

"-dU  -  -( u  +  pv)dm 

;  f  |  . 

d(mu)  =  (u  +  pv)dm  r 

'  I  ...  k 

m  du  +  ,  u  dm  =  (  u  +  pv  )dm  '  r  i 

'  •••  _  fl  .  *'?•  +  ~r  ■  ■ 

,m  du  =  pv  dm  |  *  &  > 

.  ill 

Specific  internal  energy  can  be  expressed  in  terms  of  pv  as 


0.0045  Btu  ,1  778(0.0045)  |  ft-lbf 

u  -  - pv  -  - pv  — - — 

1.4  lb  1.4-  -  4  -  lb 

L  mj  -  L  m  . 


=  2 . 5pv 


ft-lb 


so  that  du  =  2.5  d(pv),  and  the  energy  balance  becomes 


2 . 5m  d(  pv )  =  ,pv  dm 


.  dm  _  ;  cd(pv)  y, 

m  *  Z  pvr  X 


-S.  *  •;  ■ 

K>  4?,.  ‘r-t '  ■ 

d ( pv )  \ \  ..v?*.-*  ii 


In  2.5  5i,  / 

mi  .  VPivi:7 


i .  /£^V'5  =  /Wi\2: 
i  »  Apiv±;  *  »dffPivi7>; 


But  the  tank  volume  is  constant,  Vf  =  V. ,  so 

•  •  £  *•  *•  >• 


•  PROBLEM  3-49 

A  cylinder  having  a  volume  of  1-ft3  contains  air  at' 1  atm 
and  70°F.  A  compressor  evacuates  the  cylinder  at  one  atm 
and  operates  isothermally  at  70°F.  Calculate  the  total 
work  done  by  the  compressor  which  is  assumed  to  operate 
reversibly.  Also  assume  ideal  gas  behavior. 


Solution :  If  it  is  assumed  that  the ^  amount^* of  air 

processed  during  one  cycle  of  the  compressor  is  small  in 
relation  to  the  total  quantity^of  air.expelled ,  then  the 
work  of  any  one  cycle  can  be  treated  as  a  differential  and 
the  properties  within  the  tank  can  be  assumed  to  vary 
smoothly  with  the  amount  of  air  expelled.  Thus,  for  a 
differential  amount  processed,  the  work  done  by  the  gas  on 
the  compressor  is  given  by . the  equation 


where  Pn  is  the  discharge  pressure  (1  atm)  and  P.  is  the 
compressor *  pressure  during  the  cycle  under  consideration. 

Introducing  the  ideal  gas  law  and  integrating, 

w-  ^  f  s.  'i  ^ 

*■  v  >  .  " v  -s 

dW  =  RT  In 

i  ■■  c 

Since  the  amount  of  gas  processed,  dn,  is  .equal  to  the 
decrease  in  gas  in  the  tank,  -dN,  and  since  *  + 


i  ' 

«  ^  ' 


Eq.  (3)  becomes 
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dW 


(5) 


= -Yt  in  (pi)  dPt  , 

l 

Integrating  between  P^  =  1  atm  and  =  0, 

W  =--Vt[Pt  lnPt“-i  Pt]?"=  -Vt:Xl- atm)  '  (6) 

Substituting  the  values,  the ^work  ;done  by  the  compressor  is 
2117  ft-lb.  * 


•  PROBLEM  3-50 

A  cylinder  piston  arrangement  as  shown  in  the  figure  is  made 
of  a  non  heat  conducting  material/  The  cylinder  has  a 
volume  of  3  ft3  and  is  connected  to  a  steam  source  at 
100  psia  and  500°F.  The  piston  is  held  in  position  by  air 
at  20  psia  and  a  cooling  coil  is  placed  in  the  cylinder  to 
maintain  a  constant  air  temperature  of  100°F.  Determine  the 
final  temperature  of  the  steam  if  the  valve  is  opened  until 
the  pressure  in  the  cylinder  falls  to  100  psia. 


,  ■■  i 


steam  line  (infinite  source) 


P  =  100  psia 
T  =  500° F 


Solution :  The  thermodynamic  system  is  chosen  as  the  air, 
steam,  and  piston  inside  the  cylinder.  Even  though  the 
cylinder  is  insulated,  heat  is  being  removed  by  the  action 
of  the  cooling  coil.  The  amount  of  heat  removed  is 
calculated  by  determining ■ the  heat  transfer  when  the  given 
quantity  of  air  is  compressed^isothermally  from,  20  psia  to 
100  psia.  The  mass  of  air  is"' 
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; 


( 20) ( 144) (3) 
(53. 35) (560) 


■0.289  lb 

m 


The  work  done  on  the  gas  is 


Wa  =  |  -pdV=-  I" 


mRT  ~ 


mRT  In  ~ 
V 1 


Since  the  temperature ’’remains  constant,  V2/Vi  =  Pi/p2,  so 
that  the  work  is 


W  =  mRT  In  ^ 
a  p2 

=  -(0.289)(53. 35)(560)  In 


20 

100 


'  ’’  =  13,850  ft-lb.  =  17.8  Btu 

■  t.  ,  *  ■■■■■<*  -  f 

f  i  ‘  *»■ •  •  • 

For  the  air  ■■*  ,  *■  ...  i.. 

r  f 

t-  *  t 

Q  +  W  =  AU  '  , 

-  „  a  a  a.  .  , 

*  i  .  L  -  , 

But  since  T  =  const.,  AU  =0  and 

a  a  i 

Q  =  -W  =  -17.8  Btu 
a  a 

This  heat  transfer  is  the  total  heat  loss  from  the  control 
volume.  Write  the  equation  ■  «•  ^ 


, ,  .  T,  „  .  _  x,  .  ^  .  d*Q  ,  dWext 

mi(hi  +  K‘E:i  +  p'E'i  +  5  +  —  +  — — 

"i 

=  +  m  (h  +  K.E.  +’  P.E.  +  ...) 

\dT  ev  e  ^  ~  ' 


in  integral  form  as 


m.h.di  +  Q  =  (P  dt  =  m2  u 
ii  .  J\dT/n  s  ' 


sUls  (1) 


since  there  is  no  change  in  internal  energy  of  the  air  in 
the  control  volume.  Here, 

m^dT  =  rri2s 


so  that,  finally,  since  mig  =  0, 
*.r  .  ^  m2s(hi  “  U2s)  =  _Q 

i  -  ’  -  • 

The  final  volume  of  the  steam  is' 

:  *  v2 


(2) 


=  3  -  V  =3.0  -  f  =  2.4  ft3 
s  a  2  .,i  5 
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and  the  mass  of  steam  is 


v  2 

m2-  = 


V; 

V, 


[  i  -c.  u 
p  k  ' 


Equation  (2)  thus  becomes,  with  h..  =  1279. 1' Btu/lb  .and 
a  =  .17. R  Rt„.  ;  |  1  -1"} 

* 

(1279. 1*-  ui  ')  =  17.8 


Q  =  -17.8  Btu , 

2.4 
v  2 


I 

i 


(3) 


Equation  (3)  must  be  solved  by  trial  and  error  with  the  use 
of  the  superheat  steam  tables.  The  result  is 

T2g  =  536°F~  •  :  't  W 


which  is  the  final  temperature  of  the  steam. 


!:• 


f;. 


•  PROBLEM  3-51 


In  a  pneumatic  lift  air  is  initial ly  contained  in  a  10  ft3 
steel  tank  at  80°F  and  100  psia.  Lifting  occurs  when  a 
valve  allows  this  air  into  a  cylinder  which  initially 
contains  air  at  1  atm,  60°F,  The  cylinder 'has  an 'initial 
volume  of  0.5  ft3,  a  cross  sectional  area  of  1'  ft2  and  a 
lifting  height  of  3  ft.  A  cylinder  pressure  of  50  psia  is 
maintained  while  the  load  is  lifted  up' 3  ft.  Air. continues 
to  flow  into  the  cylinder  after  the  load  has  reached  the 
maximum  lifting  height  and  finally  the  pressure  in  the  tank 
and  cylinder  will  be  equal  and  the  , air  will  attain, a  uniform 
temperature  of  60°F.  J  1  ;j- 

(a)  Calculate  the  final  air  temperature.  v  " 

i  *\  *  )i 

(b)  Calculate  the  amount  of  energy  transferred  as  heat  from 

the  tank  walls  to  the  air.  '  if 


Solution :  (a)  In  making  the  energy  balance  consider  the  time 
period  from  the  start  to  the  end,  where  the  air  is  in 
equilibrium  throughout  the  system,  and  the  load  is  at  its 
highest  point.  Take  the  air  as  the  control  mass,  and 
consider  the  energy' flows  indicated  in  the  figure.  The 
energy  balance  is 


Q  -  W  +  AU 

* "  1  4; .energy  energy  increase  in 

input  ..output,  .  energy  storage 

"  -k  .  0*  fr  ►  *  ■  1-  k  j  j.  t  .  ■  i  ■  -  -  r"  k  *  ■'  ••  ’  fr. 

In  order  to .calculate  Q. first  evaluate  AU  and  W.  The  work 
computation  is , facilitated  by  consideration  of  the  process 
representation.  "Work  will  be  aone  by  thecontrol  mass  on  the 
piston  only  when  the  piston  is  moving,  and  during  this  period f 
the  cylinder  pressure'  is., assumed  to  remain  at  50  psia.  During 
this  period  the  force"  exerted  by ,  the  gasron  ;;the  piston  , is 
144  x  50  -  7200  lbf, ‘and  the'piston  moves  , a  distance  of  3  ft. 

Hence  ^ v.v  /  4 

-  '  ^^WSs-7200x  3  -*21,600  ft-lbf/(778  f t-lbf  /Btu)'* ?  ‘  , 


=27.8  Btu 


-  ±r.-n 


i  i 


Idealizing  that,  the  air  behaves  .as ., a  perfect  gas,  enough, 
information  to  establish  the ^initial L and  final  air  states 
completely  is  available.  _  For  air:  "  m 


cv  =  0.171  Btu/lbm-°R  R  =  53.3  ft-lbf /lbm-°R 


Initial  state: 
Tank  air 

1 

P  -  - 
v 


Hence 


r 

i  . 

80° F(  =540°R)  *,  100  psia 

i  ■■  . 

P  !  \  * 

—  =  =  0.498  lbm/ft3 

RT  53.3  x  540  * 


Mt  =  10  x  0.498  =  4.98  Ibm  ’ 


Using  the  equation,  Ui-u0  =.  cv.CT1-T0  ) 


(1) 
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with 


Hence 


......  rvr  ,1;J  vr0  =  0oF^  =  h460°R, 

u  =  0.171  x  (540  460)  J»  13.7,  Btu/lbm 

t  ?  '  - 


r.  u  a  =  Mu  =  4 . 98  x  13 . 7  -  68.1  Btu 
t 

Cylinder  air'?  60°F  "(  =  520°R),  14.7  psia 

.  ■  *v  ■  .  ■<>  *  ■  . 

£  .  ...  -4  .*-.•?  .•  v"“ 

P  J  '  14.7  x  14.4  ’  ?  . 

P  =  —  =•'- - — -  =  0.0764  Ibm/ft 3 


RT 


53.3  x  520  - 

1=  .  •  *ii * 


M  '  =  0.5  x  0.0764  =  0.038  lbm  ** 

Cv  r- i  ■>.  '  <•»  *  ?' '*  «•  •  ■  ‘  *•  T>:  ■ 

V  i.  •  4jji  ?  ,  < 

u  =  0.171.X  (520  -  460)  =10.3  Btu/lbm 

c  "  .  -  >’  ^ 


f  f-t: 


U  =  0.038  x  10.3  =  0.39  Btu 
c  • 

X  .  »  n  »  *  jfc.V 

So,  the  total  mass  and ’energy  in  j.the  initial  configuration 

are  <  ' * * 

x  ■  •  -  >  ‘  ;  •  '  •  • 

M  -  =  4.98  +  0.038  =  5.02  jlbm 

:  '  '  i.  ■  f'\. 

Uj  =68.1  +  0.39  =  68.5  Btu 


Final  state: 


All  air  at  60°F  (520°R) 


V  .  ^  ;  "  '  kfx 

The  total  final  volume  is 


r  5*  ’ 

lit  ^  ^ 

(b) 


V  =  10.00  +  0.5  +  3.0  =  13.5  ft3 

<  &  r  <i  -■  bi:  urc-jr- 

■  H<  -  % 

Hence  the  final  density  is 

4  .  r  f  '  *  -**■- 

*  .  *  ’  .  %  :>i 

p2  =  “  =  =  °*372  lbm/ft3 

.  :mu  \  *IV  .4  a 

The  final .  pressure  is,  „■  :  „  _  „ . 

•  .  .  S  £  £,  ft  &  *  '3  ’  “  * 

P2  =  'p2RT2"  =  0 . 372  x  1  53,3  x  520  ='  10 , 400 ‘ lbf /f t 3 

<vv  i  '>  '  »>  .  •  '■>??"' •  ■■  ..  l"  ■  •- 

_  •  .  .  >-  is 

=  71.7  psia 

The  final. specific  internal  energy ^is, [Eq.  (1)] 
u2  =0.171  x  (520  -  460)  =  10.3  Btu/lbm 


tf 


,  t  \  -  -  > 


So 


o  £ 


.jr.i  £  '  |  t  4  -JK-  ■»  *  6-  •  ‘ 

U2<f*=  Mu 2^:  =  5.02  X  10.3  =?52. 0  Btu-  -if  V;  •« 

Now  calculate  the  internal  energy .increase  as 

1  •  ..7i  •-  it  .■  ■*  &  v> 

AU  =  U2  -  Ur  ="52.0  -  68!%'=  -16.5  Btu' 

(The 'minus  .sign  indicates .  that  ..the  internal^energy  actually 
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decreases.)  Substituting  for  W  and  AU  in  the  energy  balance, 
Q  =  27*.  8  +  (-16.5)  =  11.3  Btu 


A  * . ‘  ^  •  PROBLEM  3-52 

An  insulated  tank  with  a  volume  of  0.5m3  contains  air  at 
100  kPa  and  25°C.  The  tank  is  connected  through  a  valve 
to  a  large  compressed  air  line.  The  air  in  the  line  is 
maintained  at  700  kPa'  and  120°C.  The  valve  is  then  opened 
and  air  is  allowed  to  flow  into  the  tank  until  the  tank 
pressure  becomes  500  kPa.,  At  that  point  the  valve  is  closed. 
Determine  the  mass  of  air  that  enters,  and  the  final 
temperature  of  the  air  in  the  tank. 


Solution :  This  is  a  uniform-state,  uniform-flow  problem  with 
mass  entering  the  system.  In  order  to  calculate  this  mass, 
first  calculate  the  mass  that  was , originally  in  the  system 
(before  the  valve  was  opened).  Assuming  air’ to  behave  ideally 
in  the  equation  of  state. 


m 


■  PV 
RT 


and  R 


=  0i287  kJ/kg-°K: 


for  the  mass  of  air  get 

4 

(The  subscript:  i  stands  for  "in",  F  stands  for  "Final", 
I  stands  for  "Initial",  and  L  i stands , for  "Line". 


p  v  . , 

m  -  II  1  100  *  0-5 

I  R  Tt  0.287  x  298.15 


0.5843  kg 


(1) 


The  mass  that  enters  the  system ^is  given  -by  the  equation 
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m.  =  m  -mT 
l  FI 


P  V 

m  = 

F  RTf 


which  has  two  unknowns  (mF>  Tp). 

- '  ar  ‘  ‘  ~ 

The  First  Law  is  then  written  for  the  system,  (a  closed  one 
in  this  case),  on  a  mass  basis  as: 

Qc.v.  +  Emihi  =  Emehe  +  mFuF  '  mIuI  +  Wc.v. 

t>  / 

Now,  the  following  conditions  hold, 

(i)  There  is  no  work  done-on  or  by  the  system  •? 

W12  =  0 

(ii)  Since  the  tank  is  insulated 

Q12  =  0 

(iii)  No  mass  leaves  the  system 

m  =0 

e  C  ■  ■* 

(iv)  The  ideal  gas  equations 


du  =  c  dT  and  dh  =  c  dT 
v0  p  o 


will  be  used  with 


c  =  0.7165  and  c  =  1.0035  kJ/kg-°K 

Vo  •  p  o 


(v)  The  volume  is  constant  throughout  the  process.  With  the 
above  conditions  in  mind,  Equation  ( 4 )  takes  the 
following  form  s  ~ 

,  1  p 

’  "■*  m.c  T  =  m  c  T  -  m  e  T  ,  (5) 

,1  p  o  L  F  V0)f  (  1  V0  I  ;  , .  “I  i- 

which  upon  substitution  of  Equations  Cl),  (2),  and  (3)  and 
rearranging, 

°  -  RKKv- (KH/.l 


V  V 

RTj,  RTj 


c  tt 

P  o  L 


multiply  both  sides  ,by  ,  and  substitute  the  given 

.  v0 

and  calculated  values  to  get  "j 


Now  that  the  final  temperature  is  obtained;  from  Equation  (3i 
the  final  mass  is 


m  _  F  _  500  x  0.5  _  i  q a qq  , 

F  RTj,  0. 287  *  470.88  *  1,8499 

By  Eq.  (2)  11  - 

mi  =  rnp-rn^  ■  * 

=  1.8499  -  0.5843 
=  1.2656  kg 


•  PROBLEM  3-53 


A  piston  cylinder  arrangement  is  connected  with  a  line  to  a 
large  tank  containing  air  at  20°C,*'300  kPa  -  as  shown  in  the 
figure.  Initially  the  cylinder  contains  0.1m3  of  air  at 
40°C ,  and  the  mass  of  the  piston  is  such  that  a  pressure  of- 
200  kPa  is  required,  to  raise  it.  The  valve  is  then  opened 
and  air  is  allowed  to  flow  into  the  cylinder  until  its 
volume  doubles,  at  which  time  the  valve  closes.  Assuming  air 
to  be  an  ideal  gas,  and  no  heat  transfer  occurring  during  the 
process,  calculate  the  final  temperature  of  the  air  in  the 
cylinder. 
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Solution:  The  mass  inside  the  cylinder  initially  is  obtained 

by  use  of  the  ideal  gas  equation  of  state, 


m,  = 


_  P1V1 


RT 


i 

r  ^ 


0.297 x  313.15 


^(Rair  =J  0,287  kJ/k^K)'  v 

t-i  :*>'%  %  ' 

*if\ 


200  x  0.1  0.2225  kg  K  '  ’  1 


when  the  valve  opens  the  volume^ doubles  and  becomes 

.  1.  *  •  *  Vt.3”  -I;  *  -fc  •  jj,  'T  i  •  ygif 

V2  =  2VX  =  2  x  0.1  =  0.2  J3. 


and 


m 

2  rt2 


■  fc  ■  ^  K  **- 


The  first  law  for  this  case  on  a  per  mass  basis  is 

Q 
Q 


where 


and 


4  fc  *  *1  \  j.,:  tV  .  *.< 

+  m . h .  =  m  h  -  +  m2u2  -  m?u;' + 'W 
c .  v .  li  e  » .e.^.s*:  i,  .  •  c .  v . 

'  ’  5  .  , 

A*  <  «' 

=  0  (given)  ■  " 

c.v.  &  .  •  4  •  . 

...  ,A  ,S  ■  ^  '•  <  * 


‘(1) 


m  h  =0  (no  mass  is  leaving  'from  the  cylinder) 


e  e 


t  t  -  ,  -i- '-v  t.  -  -  Ik.  -  "*■ 

Furthermore  the  work  for • this  -  process  is  the  work  done  in 

moving  the  piston  from  state  1  'to  state  2  • 


(2 


W 


.  ..  PdV  =,P(V27V1)  =;200(0.2-0.1)..  =  -  20  kJ 

c#  i'- 

Assuming  constant  specific  heats, 


,  p  .  .  -  •  ■ 

du  =  c  dT^.and  dh  =  c£  dT  * 

Vo-,-  v.  -  V'.’j  PO  £ 


where  for  air  cv  =  :  0. 7165 -k«J(kgKj and 


c  =  1.0035  kJ/kgK  ;  -  .$0%  '* 

Po 


Hence  Eq.  (1)  takes  the  form 


m,c  Tt  =  m  c  T  -  m  c7  T  +  W 
1  po  b  2  Vo  2  >  1  Vo  1  12 

•la.  -f. 


where  the  subscript  L  refers  to  the  "air  in  the  line. 

'  -r  '■  '  :  ^  \  X.  ■■£.*  1  '().'■  “  •'*  -J  «-  « 

Solving  for  T2  in  the  above  equation  one  gets  -'  " ' 


-  m.  c^  Tt  +  iiiiC,T  T i  -  W12 

■  ip  _  i  po  L  .....  v. o  -  ,  » 


1  T.  *  ^ 


m2c 


v0 


,  ll  • 


where  m.  =  m2-mi  (mass  entering  the  ..cylinder )  .4  y?  • 

1-  j*  ^  -  *■  ^  ■  -  i%-  '  '  ^ 

•  ti  •’f.  '  ^  ^  ’  >x  ^  -  1  ^ 

This  equation  cannot  be  solved  because  it  has  two  unknowns 


•  (2)  ' 

**•  +  -t 
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But*  from 'the  ideal  gas  equation  of  state,* 


l 


T  =  p2y2 


m2R 


?  f 


(3) 


Equations  (2)  and  (3)  involve  the  same  two  unknowns.  M2  and 
T2  (since  P2  -  Px)  and  thus. can  be  solved  simultaneously,  for 
the  two  unknowns.  r  *  *  * 

*$•  i  -f:.;;:.  .  •  T*.  •?  t  -t  ■  r  j;.  _  ■  4  . 

Substituting  Eq.  (3)  into  Eq.  (2), 


P2V2  (m2-m,)c  T  +  miC„  Tx  -  W12 
_  _  *  1  Po  L  1  v0  1  12 


M2R 


m2  c 


Solving  for  m 


x  •“  t 


m,  = 


r  P2V2c  +  R  [  m ,  ( c  T.  -  c  T ,  )  +  W1?] 

I  2  2  V„  *,  1  Kl  ■:  p  o'  L  .  '*...y0Tl_  fi  12  *■ 


Rc  T. 

-  Po  L 

(200)(0. 2X0.7165). 


it 


;  (0.287)  (1.0035  >(293.15)  4  "  .  :  ( 

+  0. 287[0. 2225(1. 0035 x 293.15  ~  .0 . 7165  x 313 . 15)  +  20] 


(0.287)(1. 0035X293. 15) 


>i  ■  ...  *  a.  * 


=  0.4602  kg 


Substituting  this  value  into’Eq.  (3),  the  final  temperature 
in  the  cylinder  is  obtained. 

,.“i  OX  .is-  -C5  '  * 

T  =  PzV2  (200X0.2)  . 

■*■2  1  /  r\  A  s>  r\r\  \  /  r\  nm  \  >  ’ 


m2R 


(0. 4602X0. 287)’ 
=  302.85' K 


or 


T2  =  302.85  -  273.15  ='29.7°C  w 


•  PROBLEM  3-54 


SCUBA  tanks  normally  have  a  volume  of  1  ft3  and  contain  air 
at  50  psia  and  75°F  after  it^is  used..  Assume -that  they  are 
recharged  by  connecting  them  to  a  pipeline  at  100  psia  and 
120°F.  Air  is  passed  into  each  tank  until  the  pressure  in  it 
is  1000  psia.  Calculate  the^amount^of* air- added  and  the 
total  amount  of  air  in  the  tank  at  the  end  of  filling  if 

(a)  the  tank  is  filled  slowly  and  the  final  temperature  of 
air  in  the  tank  is  the  same  as  the  room  temperature 
( 75°F) .  • a  ^  ,  r  .  #. 
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(b)  If  the  tanks  are  filled  rapidly.,  so  that  the  process  is 
adiabatic.  v  | 

Assume  air  obeys  the  ideal  gas  equation  of  state  and 

C  =  4.4  +  1.5  x  IQ-3!  cal / g-mol °K .  i 

v  ’ 


Solution :  (a)  Determine  the  mass  of  air  remaining  in  the 
SCUBA  (Self  Contained  Underwater  Breathing  Apparatus)  tank 
at  the  .beginning  of.  the  filling:  ...  ..  :  ^ 

t  **  ’ 

v  •  : 


hi!  i  ¥ 


where  v  is  obtained  from  the  ideal^gas  equation  of  state  and 
the  known  initial  pressure  and  temperature :.V(  ti 


v  *r  ~jr  i,!r  -  /  -  >  * 


where  R  =  1545  f t-lbf /lb-mol°R 


P  =  50  psia  =  7.20  x  10 3  lbf/ft 

’  ;  i  $v..  1  •  $ . 

T  =  75°F  =  535°R 


.■  ■ 

*  *  *i  - 

I  *  '  I-  ■  ■ 

ft2- 

\.i  ’  !H.  k. 


Therefore , 


( 1545 )( 535) (ft-lbf )°R/(lb-mol°R) 
7.20  x  IQ3  “  \,  4%(lbf/ft2) 


=  H5  ft 3  /  lb-mol"1 


=  3.96  ft 3 /lb 


•yWl1#'  :  .  ■*  ■  ’tv  * 


Thus  the  amount  of  air  left  in  each  tank  is: 

,  '■  ' 

M  =  Xst-TOTTiT  =  0i‘254  lbm’: 

m 

i  '  -  ,/*>■  ?  ■  '  v-t  I- 

At  the  end  of.  the  filling  operation*  , ...  , 


Pend  =  -p000  .psia  f  1-44  x  105lbf/ft 
Tund  =  75°F  *  535°R  S'.  s'.V.-  :.V> 


Therefore 


end  .  (1? 45 >(535)  fi3>lb_mol 


end  ^ 


n1.44  x.,105 


=  5.72  ft 3 /lb-mol  =  0.197  ft 3 /lb 


and 


M 


end 


1  ft3 

0.197  ft 3 /lb 

m 


5.07  lb 

m 


The  amount  of  air  needed  to  fill  each  cylinder  is  then  the 

difference  between  M  ,  and  M.  ... 

end  initial 


AM  =  5.07  lb  -  0.25  lb  =  4.82  lb 
m  m  m 


(b)  For  the  adiabatic  filling  the  final  temperature  is 
unknown.  Thus  determine  Tentj*  Since  pen^  is  still  1000  psia, 

determination  of  any  other  end  property  will  give  the  desired 
temperature.  The  additional  property  to  be  determined  is  the 
internal  energy  (or,  equivalently,  the  enthalpy).  Begin  by 
picking  a  system  for  analysis  and  applying  the  energy  equation 
to  the  system  and  process  (as  shown  in  the  figure). 


Several  choices  of  systems  are  available  for  this  problem. 
Choice  of  the  tank,  the  valve,  and  their  contents  as  the 
system  will  lead  to  the  most  direct  solution  of  the  problem. 
Now  assume  that  potential  and  kinetic  energy  changes  are 
negligible  during  the  filling  process.  In  addition,  no  mass 
leaves  the  system  during  the  filling  operation,  so  that  the 
energy  equation  around  the  system  can  be  written  as: 


(h6M)in  +  6Q  -  6W  =  d(Mu)sys 


The  filling  operation  is  adiabatic,  so  that  5Q  =  0.  In 
addition,  since  no  shaft  passes  through  the  system  boundaries, 
and  the  system  boundaries  are  rigid  and  immobile,  6W  =  0  and 
the  energy  equation  reduced  to: 


hSM.n  -  d(Mu)sys 


Now  this  result  must  be  integrated  over  the  entire  filling 
operation : 


h<$M.  = 

m 


d(Mu ) 


sys 


hin  is  the  enthalPy  the  air  entering  the  system,  in 

this  case,  the  enthalpy  of  the  air  in  the  supply  pipeline. 
Since  the  supply  pipeline  conditions  do  not  change  during 
the  filling  operation,  h^n  is  constant  and  may  be  removed 

from  under  the  integral  of  the  left-hand  side.  The  integral 
of  is  the  total  amount  of  mass  which  enters  the  tank. 

The  integral  of  the  right-hand  side  is  the  total  change  in 

(Mu  )  during  the  process, 
sys 


hintMxn>  -  t(Mu) 


end 


^  ^u^begin  ^sys 


or 
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h.  M.  =  [M  ,u  ,  -  M,  .  u,  .  ] 
in  m  end  end  begin  begin Jsys 

Min  may  be  eliminated  by  means  of  the  mass  balance: 

M.  =  M  .  -  ML  . 
in  end  begin 

Substitution  into  the  energy  balance  then  gives: 

^in^Mend  ^begin^sys  ^endUend  ^beginubegin ^ sys 
or 

Mendthin  ~  uend^  _  Mbegin^hin  ”  ubeginJ 
Equation  (1)  contains  five  distinct  variables:  M 

end  * 

“begin-  hin-  “begin1  and  “end’  “begin  is  already  known. 
h^n  and  u^n  can  be  evaluated  from  the  known  pressure  and 

temperature  of  these  materials.  Thus  equation  (1)  contains 
two  unknowns,  and  more  equations  will  have  to  be  developed 
before  determining  the  missing  unknowns.  Relate  the  final 
mass  of  air  in  the  cylinder  to  the  cylinder  volume  by  means 
of  the  final  specific  volume: 


M 


end 


vtank 

vend 


(2) 


Equation  (2)  however  adds  another  variable  u  .  to  the 

end 

system  of  equations  and  there  is  still  one  more  unknown  than 
the  number  of  equations.  The  final  specific  volume,  in  turn, 
may  be  related  to  the  final  temperature  and  (known)  pressure 
by  means  of  the  ideal-gas  equation  of  state: 


RT 


end 


end 


Pend(mo1  wt) 


(3) 


Although  equation  (3)  adds  a  fourth  unknown,  T  J ,  to 

end’ 

our  system  of  equations,  the  closing  equation  is  now 
obtained  by  using  the  law  which  states  that  the  specific 
internal  energy  of  a  gas  which  obeys  the  ideal-gas  equation 
of  state  is  a  function  only  of  the  gas's  temperature: 


u  .  =  f(T  .) 
end  end 


(4) 


Since  equation  (4)  adds  no  new  unknowns,  our  system  of 
equations  is  now  complete.  There  are  four  equations  with 
four  unknowns.  However,  before  solving  these  equations, 
develop  the  functional  form  indicated  in  equation  (4): 

The  constant-volume  heat  capacity  is  defined  by: 


14? 


,  •  !■  ■■■  c'  =  l^\  I  <+ 

"  v  Wv 

.  ;  t  ■  il.  h  ’  ■  ::1  ” 

As  indicated,  however,  the  constant-volume  restriction  is 
unnecessary  for  a  gas  which  obeys  the  ideal-gas  equation  of 
state.  Thus  for  this  problem: 1 

*'■  ’  T  du  =  p  '  r 

dT  v 
or 


du  =  C  dT 
v 


(5) 


Now  arbitrarily  assign  a  reference  state  internal 
energy:  u  =  0  at  T  =  75°F.  _The  internal  energy  at  any 

other  temperature  is’then  obtained  from  the  integral  of 
equation  (5)  -  *  r- 


•i.  (  ■  , 


m  -T 

u(T)  = 

.  '  T= 


T=75°F 


C  dT 
v 


»  y 

Substituting^ the  expression  for  Cv, 


then  gives 


Cy  =  [4.4  +  8.35x10  4T(°R)  l]  T^R 

m 


r 

u(T)  =  | 


t  [4.4  +"8.35  x  10  4T(°R)  1  ] dT 

.  i  ■':!!.•  '5  3  5  -  :  ’  .  m 


=  {4.4[T  -  535°R]  +  4.18  X  10  “  [T2  -  (  535°R)  2  ]  '’R- 1 }  BtU 


lb°R 

m 


or  , 


uCT)  =  [  4 . 4T(  °R)  1  +  4.18x10  V(°R)~2  -  2470] 


m 


The  enthalpy  is  obtained  from:' 

.  i  J. 

h(T)  =  u(T)  +  Pv  :  „ 

=  u  ( T )  +  RT 
or 

h(T)  =  [6.4T(°R>-1  +  4.18  x  io~T2(  °R)"2  -  2470]  BtU 


lb 


!l  / 

Therefore : 


m 


(6) 


(7) 


begin 


0  Btu/lb 

m 
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h.  =  h(585°R)  =  1213  Btu/lb 
1  n 


m 


and 


n  i  *  v 


M.  .  =  0.254  lb 

begin  m 


'M  > 


Thus  the  system  of  equations  to  be  solved  can  .now  be 
expressed  as: 


fi 


or 


“end  |  1213  TF1  -  uend 
I _  m 


=  0.254  lbm[1213  -  0] 

m 


f  :'t  ft 


M  .  k  F 1213  = 

end  I  lbm  end 


L 


•  r 

=  -296  Btu.  * 
1 


(8) 


1  ft 


f.  +  r 


-"'SM* 


yi  -Ji  * 


end  V  . 

<1.1:  h'i,  e.nd  V*->  .  J>  1  > 


(9) 


1545 


ft-lb. 


vend  29  x  1.44  x  10s'-  lb'  (lb -  /ft  2 ) 

•  ■  -i  >  ■  '  m  1  m 


or 


v  =  3.70  x  10 
end  \  lb  °R 


(10) 


and 


5s  *• 


uend  "  t4'4  Tend(°Rrl  +  4'18  *  10''Tend<  °R)'2  '  2470lfiT 

m 


(11) 


Equation  (11)  is  non-linear  in  temperature.  A  simple  direct 
solution  of  equations  (8)  through  (11)  cannot  be  used. 
Therefore  reduce  the  system  of  equations  to  a  single  non¬ 
linear  equation  in  T  .  and  this  equation  can  be  solved  by 

appropriate  means.  ‘  "  " ' 


Eliminate  M  ^  between  equations  (8)  and  (9) 


(1213  Btu / lb  -  u  ,)ft3 
_ _ m _ end _ 

Vend 


=  296  Btu 


(12) 


v  .  is  now  eliminated  between  (12)  and  (10) 
end 


(1213  Btu/lb  -  u  ,)  ft3 
_ m _ end _ 

3.70  x  10  11  T  .ft 3  /(lb  °R) 
end  m 


=  296  Btu 


or 
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(13) 


(1213  Btu/lb  -  u  ■)  =1.09x10  lT  1  . . 

in  end  v  Aend  lb  *R 

m 


uend  is  then  eliroinated  between  (13)  and  (11)  to  give  a 

single  equation  in  T  , \  ^  ■  » 

end 


t3684  -  -  4.18  xlO-T^rR-2)]^  (14) 


=  1.09  x 10-1T 


Btu 


end  lb  °R 
m 


Although  this  equation  is  nonlinear  in  T0nd,  it  is  only 

quadratic,  and  thus  the  use  of  the  quadratic  formula  appears 
the  most  direct  means  of. solution:  Equation  (14)  may  be 
rearranged  to:  '  ~  •  ..  ' 

4.18  x  10-l#T^nd(  °R~2 )  +  4.5  Tend(°R)~1  -  3684  =  0 

.  *•  \  :  . 

*  1  ,  . 

Application  of  the  quadratic  formula  yields: 


T  +  ■  J--4*5  -f-/(4.5)2  +  (4)(3684)(4.18 x IQ*4) 

end  i  '  •  *  2  x  4. is  x  io~4 


or 


Tend  =  765°R 


Thus: 


v  ,  =  0.283  ft 3 /lb 
end  m 


and 


v  ••  <r 


;  i  ’■  T  .. 


M  .  “  3.53  lb 
i^-„end  !  .r  ,  ® 


The  mass ‘ added * during  filling  isV  ' 

*  0 '  *  J  ■*  "r  c 

Mend'-  Mbegin'  ='(3-53  -  0-254)  lb.  -  3.28  lb. 


t  “  •  ‘  -J.  '  *  •' 


n 


* 


1/ 


'  1  . 


.f. 
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CHAPTER  4 

n  .  ■  n 

|  r  ■  * 

ENTROPY  AND  THE  SECOND  LAW  OF 
THERMODYNAMICS 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  151  to 
221  for  step-by-step  solutions  to  problems. 

! 

*  (  F 

The  first  law  of  thermodynamics  states  that  energy  is  conserved,  but  no 
restrictions  are  imposed  on  the  direction  of  energy  change.  However,  work  can 
be  completely  converted  into  heat,  but  heat  can  never  be  completely  converted 
into  work  even  through  both  heat  and  work  appear  as  additive  terms  in  the  first 
law  of  thermodynamics.  In  fact,  all  efforts  to  design  devices  to  convert  heat 
completely  into  work  or  into  mechanical  or  electrical  energy'  have  been  unsuc¬ 
cessful.  All  of  these  devices  contain  friction,  which  converts  some  of  the  energy 
to  heat,  and  this  prevents  all  of  the  energy  from  being  converted  into  work.  Heat 
is  viewed  as  a  form  of  energy  which  is  less  useful  and  valuable  than  an  equal 
amount  of  work  or  mechanical  energy/  :|r  *  * 

■y  ir  *  ^  S  F  .  <■  ’  “ 

,  The  second  law  of  thermodynamics  imposes  restrictions  on  transformations 
of  energy  in  the  first  law  of  thermodynamics.  These  include  the  restrictions  that 
heat  cannot  be  completely  converted  to  work,  and  that  heat  flows  from  a  higher 
temperature  to  a  lower  temperature  but  not  in  the  reverse  direction.  The  restric¬ 
tions  on  the  transformations  of  energy  are  important  in  the  design  of  power  plants 
and  other  devices  that  convert  heat  to  work,  and  the  ideal  heat  engine  analysis  is 
key  in  quantifying  the  efficiency  of  these  processes.  ^  *  v 

Heat  engines  absorb  heat  at  a  high  temperature,  produce  work,  and  reject 
heat  at  a  lower  temperature.  Many  plants  function  this  way,  including  steam 
power  plants,  refrigerators,  heat  pumps,  and  internal  combustion  engines.  The 
Carnot  engine  is  an  ideal,  completely  reversible  engine  used  for  comparison 
with  actual  engines  or  cycles. 

The  Carnot  engine  has  constant  temperature  hot  and  cold  reservoirs  and  a 
gaseous  working  fluid.  There  are  four  stages  for  the  cycle  of  the  Carnot  engine. 
First,  the  fluid  is  initially  at  thermal 'equilibrium  with  the  cold  reservoir  at  tem¬ 
perature  Tc.  Then  it  .  undergoes  an  adiabatic,  *  reversible  compression  requiring 
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work,  which  raises  the  fluid  temperature  to  the  temperature  of  the  hot  reservoir, 
Th  (step  1).  At  the  hot  reservoir  an  amount  of  heat  QH  is  absorbed  isothermally  and 
reversibly  by  the  working  fluid,  which  performs  work  (step  2).  Then  the  working 
fluid  undergoes  an  adiabatic,  reversible  expansion  producing  additional  work, 
which  lowers  the  fluid  temperature  to  the  temperature  of  the  cold  reservoir,  Tc 
(step  3).  At  the  cold  reservoir  an  amount  of  heat,  Qc,  is  discharged  isothermally  and 
reversibly  by  the  working  fluid,  which  requires  work  (step  4).  A  net  amount  of 
work  is  produced  by  the  cycle  in  transferring  heat  between  the  two  reservoirs. 


For  two  heat  reservoirs  at  temperatures  TH  and  Tc,  no  engine  can  have  a  higher 
thermal  efficiency  than  a  Carnot  engine  because  it  is  an  ideal  engine  operating 
reversibly  with  no  friction.  The  thermal  efficiency  of  an  engine  is  defined  as  the 
net  work  output,  Wy  divided  by  the  heat  input,  QH.  By  applying  the  first  law  of 
thermodynamics  to  the  engine,  W  =  QH  -  Qc  is  obtained,  and  the  thermal  effi¬ 
ciency  is  given  by  the  following  equation: 


w  e„-ec  ]  a 

Qh  Qh  Qh 


a) 


By  applying  the  first  law  to  each  step  in  the  cycle  for  an  ideal  gas  and 
summing  the  work  performed,  the  following  simple  equation  is  obtained  for  the 
thermal  efficiency  in  terms  of  the  absolute  temperatures  of  the  hot  and  cold 
reservoirs,  TH  and  Tc\ 


Thermal  efficiencies  for  real  heat  engines  are  of  the  order  of  0.35.  In  a  typical 
power  plant  the  furnace  operates  at  about  600  K,  and  cooling  water  is  available 
from  a  reservoir  at  about  300  K.  Consequently,  by  Eq.  (2)  the  maximum  or 
Carnot  engine  efficiency  would  be  0.5  for  the  power  plant. 

In  the  Carnot  engine  cycle,  an  equation  is  obtained  from  the  first  law  of 
thermodynamics  in  which  the  sum  of  the  ratios  of  the  heat  transferred  from  the 
reservoirs  divided  by  the  reservoir  temperatures  is  equal  to  zero,  i.e., 

Ox-  +  »  0  (3) 

Th  Tc  w 


For  an  arbitrary  reversible  cycle  with  infinitesimal,  isothermal  steps,  the  equation 
corresponding  to  Eq.  (3)  is: 

(4) 

lH  lc 

Eq.  (4)  provides  the  basis  for  the  definition  of  the  thermodynamic  function 
entropy,  S.  Let  dQrev  be  defined  as  the  infinitesimal,  isothermal  reversible  transfer 
of  heat  from  a  reservoir  at  temperature  T,  as  given  in  Eq.  (4).  Then  the  ratio  of 
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dQrcv to  T  is  defined  as  the  differential  of  the  thermodynamic  function  entropy  dS  by 
the  following  equation: 

dS  =  (5) 

For  the  arbitrary  reversible  cycle,  integration  of  Eq.  (5)  over  the  whole  cycle 
would  be  zero,  i.e., 

(6) 


However,  for  an  actual  cycle,  the  integral  over  the  entire  cycle  would  not  be  zero 
because  of  friction,  turbulence,  and  other  irreversible  effects. 

The  change  in  entropy  AS  for  a  system  undergoing  a  reversible  process  is 
found  by  integrating  Eq.  (5): 

A5  =  J-^  (7) 


When  a  system  undergoes  an  irreversible  process  from  one  equilibrium  state 
to  another,  Eq.  (7)  can  be  used  because  entropy  is  a  state  function  which  is 
independent  of  the  path.  Moreover,  when  a  process  is  reversible  and  adiabatic, 
then  dQrev  =  0  and  dS  -  0.  Therefore,  the  entropy  of  the  system  is  constant  during 
an  adiabatic,  reversible  process,  and  the  process  is  called  isentropic. 

The  entropy  change  for  a  reversible  process  with  an  ideal  gas  in  a  closed 
system  can  be  evaluated  using  the  first  law  of  thermodynamics,  which  is:  dU  = 
dQrev  +  PdV.  Replacing  dQrev  with  TdS  from  Eq.  (5),  the  following  equation  is 
obtained  after  further  manipulations  using  the  ideal  gas  law  and  integrating  from 
initial  states  Px  and  Tx  to  final  states  P2  and  T2: 

AS  =  Cp  In  (7yr,)  -  R  In  (Pa/P,)  (8) 

where  R  is  the  universal  gas  constant  and  Cp  is  the  mean  heat  capacity  at  constant 
pressure. 

The  general  equation  (in  terms  of  temperature  and  pressure)  to  be  evaluated 
for  the  entropy  change  in  a  homogeneous  fluid  of  constant  composition  is: 


ds  -  c 

pr  \bt)t 


dP 


(9) 


This  question  can  be  used  to  evaluate  entropy  changes  for  nonideal  fluids. 

The  second  law  analysis  is  important  for  flow  systems.  For  example,  in 
compressible  gas  flow  in  variable  area  ducts,  the  equation  that  represents  the 
change  in  entropy  is  obtained  from  the  continuity  equation,  first  law  of  thermo¬ 
dynamics  and  the  fundamental  equation  TdS  =  dH  -  VdP.  This  is  the  following 
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equation  in  terms  of  the  fluid  velocity  u : 

TdS  =  u2dV/V-VdP  (10) 

The  change  in  entropy  must  be  positive  for  the  flow  according  to  the  second 
law  of  thermodynamics,  and  the  condition  dS  -  0  gives  the  maximum  velocity  in 
the  duct  for  flow  accelerating  from  a  low  velocity.  Using  Eq.  (10)  with  dS  -  0,  the 
relation  for  the  maximum  or  acoustic  velocity  in  compressible  gas  flow  is  ob¬ 
tained  as: 


u 


2 

max  — 


(dP\ 

\dV)s 


Oi) 


This  equation  can  be  evaluated  for  an  ideal  gas  to  obtain  the  following 
equation  for  the  maximum  velocity  (velocity  of  sound): 

Umax  «  {kRT)m  (12) 

where  k  is  the  ratio  of  Cp/Cv.  Eq.  (12)  is  an  important  design  equation  for  expan¬ 
sion  processes  that  involve  nozzles,  turbines,  orifices,  and  valves.  It  determines 
the  maximum  mass  flow  rate  through  the  equipment  (wmax  =  p Aumax). 

For  turbines  or  expanders,  internal  energy  is  converted  to  kinetic  energy, 
which  is  converted  to  shaft  work  when  the  high-velocity  stream  impinges  on 
blades  to  turn  a  rotating  shaft.  Using  the  turbine  as  the  system,  the  first  law 
simplifies  to: 

Ws  =  -AH  (13) 

and  the  expansion  is  adiabatic  but  not  isentropic. 

However,  the  change  in  enthalpy  for  an  isentropic  expansion,  A Hrev>  can  be 
determined  based  on  the  inlet  conditions  to  the  turbine,  and  this  would  be  equal 
to  the  isentropic  work,  Ws  rev,  which  is  the  maximum  that  could  be  obtained  from 
the  adiabatic  turbine.  This  leads  to  the  definition  of  a  turbine  efficiency,  rj„  given 
below: 


Ws  _  AH 
%rev  "  AHrev 


(14) 


Efficiencies  for  properly  designed  turbines  or  expanders  are  in  the  range  of  70  to 
80  percent.  [Note:  This  turbine  efficiency  is  not  the  same  as  the  thermal  efficiency 
defined  by  Eq.  (2).] 

Throttling  processes  are  used  for  cooling  and  liquefying  gases,  and  gas  flows 
through  an  orifice  or  porous  plug  with  no  appreciable  change  in  kinetic  energy. 
The  process  occurs  at  constant  enthalpy  with  an  increase  in  entropy.  The  entropy 
increase  is  computed  using  Eq.  (8)  for  an  ideal  gas,  or  Eq.  (9)  for  a  real  gas. 

Compression  processes  employ  compressors,  pumps,  fans,  and  blowers  to 
increase  the  pressure  of  a  flowing  fluid.  In  a  compression  process,  the  minimum 
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shaft  work  Ws>rev  is  obtained  with  an  isentropic;  process.  In  this  case,  compressor 


efficiency  is  defined  as: 

Hj.rev  rev 

■  ! 

* 

05) 

where  Ws  and  A//  are  for  the  actual  process.  Efficiency  for  compressors  is  com¬ 
parable  to  turbines  and  is  70  to  80  percent. 


Compressors,  turbines,  boilers,  and  condensers  can  be  combined  in  cycles  to 
convert  heat  to  shaft  work.  Those  are  described  and  illustrated  in  Chapters  8  and 
9  on  power  and  refrigeration  cycles.  " 

In  summary,  energy  must  be  conserved  by  the  first  law  of  thermodynamics, 
and  the  second  law  of  thermodynamics  places  restrictions  on  the  direction  of 
energy  transfer.  The  ideal  reversible  Carnot  engine  was  used  to  describe  these 
restrictions,  and  it  gives  the  upper  limit  on  thermal  efficiency  for  a  cycle.  The 
thermodynamic  function  entropy  was  defined  using  the  ideal  reversible  cycle 
concept,  and  equations  were  given  to  evaluate  entropy  changes  for  closed  and 
open  systems. 


'I-  -%■ 


1’  <»  rh  -;f 

r  f  f  *1  •.  •  .vj. 


*  1  *'%.  /  I  -  (  f  * 


V,  p  •:...  :  •  I: 

&  r  y  -■  .  s  fti  s.  ■:. ' 


\  *  ii  "  .  J-  -:M 

V:  ,  '(* 


Step-by-Step  Solutions  to 
Problems  in  this  Chapter, 

“Entropy  and  the  Second  Law 
of  Thermodynamics” 

’  ■  •  * 

* 

REVERSIBLE  PROCESSES  AND  CYCLES 

*  ■  i  3  ■■  -  !i  ' 

•  PROBLEM  4-1 

A  Carnot  engine  operates  between  the  temperatures  1000°F  and 
50°F ,  producing  120  Btu  of  work.  Calculate  the  heat  input 
to  the  engine.  jj 


where 

i' 

Qy  =  Heat  input 


Ql  =  Heat  output 
W  =  Work  done  =  120  Btu 


(1) 
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From  the  definition  of  absolute  thermodynamic  temDerature 
scale. 


%  Is 

ql  '  tl 


(2) 


Solving  equations  (1)  and  (2)  for  Q„ , 

n 


"QH  _l  =  w"~ 

^  **  rp  , 

/H 


or 


"  o  =  *  w 

I-tl7th 


-  *  *i 


(3) 


Th  =  1000  +  460  =  1460°R 


Tt  =  50  +  460  =  510°R 

U  .  ...»  :  -r  I-' 

n*.  !1  v/  .  i.  u-  - 

Substituting  these  values  in  equation  (3), 
*  v 


120 


•*«:  i 

i 


eH  ’  £  l-( 510/1460) 

•f  *•  *  T-  1 


-  184.4  Btu 


•  PROBLEM  4-2 


The  temperature  inside  a  Carnot  refrigerator  is  maintained 
at  5°C  by  rejecting  heat  to  the  surroundings  at  an  ambient 
temperature  of  27°C.  The  inside  temperature  is  now 
decreased  to  -13°C,  the  ambient  temperature  remaining 
constant  at  27°C.  Determine  the  percent  increase  in  work 
input  for "the  same  quantity  of  heat  removed. 


i 

Solution:  Using  the  first  law  of  thermodynamics  and  the 

definition  of  the  absolute  thermodynamic  scale  of 
temperature , 


and 


Qr 


-  «L  " 


(1) 


(2) 


Solving  for  Q  in  equation  (2)  and  substituting  in  equation 
(1),  ’  -  •  ”  —  ' 
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W  =  Q.  /  H  -  1 

L  lv-- 


When  the  refrigerator  operates  between  5°C  and  27°C, 

Tr  =  273  +  27  =  300°K 


Tl  =  273  +  5  =  278°K 


Wl  l  278  1J  0*0791  Q 


When  the  refrigerator  works  between  -13°C  and  27°C, 

Th  =  273  +  27  =  300°K 

„  T.  =  273  -  13  -  260°K 

f  ‘  L  , .  ,  •» 


W2  =  Q 


L  \260 


-If  =  0.1538  Qt 


The  percent  increase  in  work  input  is  then  given  by 
W,-w,  / 0. 1538  Q  -  0.0791  Q  x 

V1  x  100  ■  ( - 07-0-91  q  - -)  x  100 


=  94.5% 


)  •  PROBLEM  4-3 


A  reversible  cyclic  device  does  work,  while  exchanging  heat 
with  three  constant  temperature  reservoirs  as  illustrated 
in  the  figure.  The  three  reservoirs  1,  2,  and  3  are  at 
temperatures  of  1000°K,  300°K, and  ;500°K  respectively.  It  is 
known  that  400  kJ  of  heat  are  transferred  from  reservoir  1 
to  the  device,  and  the  total  work  done  by  the  cyclic  device 
is  100  kJ.  Determine  both  the  magnitude  and  direction  of  the 
heat  transfer  with  the  other  two  reservoirs. 


Solution:  Applying  the  first  law  of  thermodynamics  to  this 

system  *  i- 

®TOT  =  WTOT 


Qi  +  Q2  +  Q3  =  wDev.( 


Substituting  the  known  values 
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400  "+  Q2  +  Qs'  =  100  * 

Since  Eq.  (1)  is  an  equation  with  two  unknowns,  a  second 
equation  must  be  obtained.  From- the  second  law  of 
thermodynamics 


i  ' 


m  o 

rev'* 


Qi  •,  Q 2  .  Qs 

¥7  tI  Tl  "  0 


Substituting  the;  known  values 


jc.  * 


a- 


400  .  Q2  ,  Q3  _  n 
1000  300  500’  0 


j  *■  £  ;;  •  £  -'i  k  :!  f  f 

,  ,  V  '  ",  (2) 

1  ■.  -**1  ■  ■ -r;  v'  ^  ,  L.i  u  ■ 

Eqs.  (1)  and  (2)  have  the  same  two  unknowns,  and  can  therefore 
be  solved  simultaneously t  Solving  for  Q2':  in  Eq.  (1)  and 
substituting* into  Eq.  (2)  gives:  .?■% 


v  0. 4  v-  (~  3.QQ~Q^  =  0 

\  300  j  500  u 


0  4-1-  =  0 

1500 


Solving  for  Q3, 


H  4  .4  >  *  t\ 


Q3  =  -450  ..kJ  *  s. 


From  Eq.  (1)  then 


Q 2  =  -300  -  Q 3 

=  _300  -  (-450) 

=  +150  kJ  ■  ■  ' 

Therefore  150  kJ  of  heat  is  transferred  from  reservoir  2  to 
the  device,  and  450  kJ  of  heat  are  rejected  from  the  device 
to  reservoir  3.  As  a  check  Qtqt  must  equal  WT0T,  L 

400  +  150  -  450  =  100  1 

which  is  a  true  statement. 

{ - 

•  PROBLEM  4-4 

One  kg  of  water  is  initially  located  100m  above  a  very  large 
lake.  The  water,  the  lake,  and  the  air  are  at  a  uniform 
temperature  of  20°C.  Then  the  one  kg  of  water  falls  into 
the  lake,  mixing  and  coming  to  equilibrium  with  it.:  Determine 
the  entropy  change  associated  with  this  process. 


Solution :  For  a  combined  system  of  the  water,  the  lake,  and 

the  air 

UF  -  Uj  =  (P,E.  ) r  -  (P.E.)p  |:‘ 

However  at  the  final  state  (at  equilibrium)  the  potential 
energy  (P.E.)  is  zero.  Thus  , 

Up  -  Uj  =  (P.E.)-  -  mgh 

where 

-  m  =  1  kg 

g  =  9.81  m/sec2 

f 

h  =  100  m  *i: 

Also  for  the  change  in  entropy 

ds  =  ^  (du  +  Pdv)  s  ^  du  (1) 

•f 

Integrating  Eq.  (1), 

ds  =  As  =  i  |  du  . 
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■  T  (UF  -  V  ' 


=  y  (mgh) 


Substituting  the  known  values 


As  k  =  <1.0  x  9.81  x  100) 

=  3.346  J/°K 


ENTROPY  CHANGE  IN  REVERSIBLE  AND 
IRREVERSIBLE  PROCESSES 


•  PROBLEM  4-5 


An  adiabatic  system,  open  to  the  atmosphere  which  has  a 
pressure  of  14.7  psia,  consists  of  1.0  Ibm  of  ice  at  32°F 
and  6  lbm  of  liquid  water  at  80°F.  Assuming  a  constant 
specific  heat  C  =  1.0  Btu/lbm-°F  for  water,  and  the  latent 
P 

heat  of  fusion  for  ice  to  be  144  Btu/lbm,  determine  the 
final  temperature  of  the  system  and  the  change  in  entropy 
for  the  spontaneous  adiabatic  process. 


Solution :  *  Since  the  process  is  adiabatic,  the  change  in 
enthalpy  is  zero,  thus,  - 

ahI 


P  =  const .  - 


=  o  .  ; 


(mAh ) ice  +  <»4b>„at„  =  0 

Let  the  final  temperature  be  T.  Then  equation  (1)  can  be 
written  as 

144  Btu/lbm  xl  lbm  +  ( T°F  -  32°F)*1.0  Btu/lbm-°F x  l . o  lbm 
+  ( T°F  -  80°F )  x  l.o  Btu/lbm-°F  x  6  ibm  =  0 


7T  -  368  =  0 


T  =  52 . 6°F 


The  change  in  entropy  is  given  by 
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where 


AS  _  =  AS.  +’  AS  . 

system  ice  .  water 


AS.  •  ==  AS  due  to  melting  ice  at  constant  temperature 
ice 

+  AS'due  to  heating  melted  ice  from  32°F  to  52.6°F 

32  + "460  +  1,0  ln  V:  32  +  460 j  *  X'° 

-  0.292  +  .0.041  ;  '  -  - 

=  +0.333  Btu/°R 

«  I  „  ,  if  -  jij  W  •'  • 

AS  =  AS  due  to  cooling  from  80°F  to  52.6°F 

water 

:  '  ■  •  Vi.o  i„‘  (5%0  +  4|oj  x  6.0  ■  t 

■  ...  80  +  460y  ;.  f  ^  4  nj: 


=  -0.312  Btu/°R 


Thus , 


AS  =  +0.333  -0.312  =  +0.021  Btu/°R. 

system  . 

The  positive  sign  indicates  that.the  entropy  of  the  system 
has  increased  due  to  the1' irreversible  process. 


•  PROBLEM  4-6 


One  lbm  of  saturated  water, is  initially  at  100°F.  It  then 
undergoes  an  isothermal  process  until  the  final  pressure  of 
the  water  is  3000  psia.  Calculate  the  entropy  change  for 
the  water  by  (a)  using  data  fromHhe  -steam  tables  and  r 
(b)  using  the  experimental  expansion  coefficient* 

8  =-205  *  10  6°R,*1>  assumed ''constant  for  the  given'  change  in 
pressure.  $ 


Solution :  (a)  Since  all  the  calculations  will  be  made  on  the 
basis  of  large  increments,  they  will  be  approximate. 

Therefore  assume  the  liquid  to  be  incompressible,  with  the 
isothermal  bulk  modulus  given  by  ; 


-•©)' ;  ” 


and  the  change  in  entropy  given  by 
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I 


Next  approximate  the  value  of  Bpjij  using  the  steam  tables 
as  follows:,'  ,  -  ,.'d  yP 

j 

For  this  range  of  temperatures,  the  saturation  pressure 
changes  very  little  and  therefore  the  value  obtained  is 
virtually  at  constant  pressure.'  Neglecting  the  initial 
pressure  (Pj  =  0.95  psia)  because  it  is  small  compared  to  the 
final  pressure,  and  integrating  Eq.  (2), 


substituting  the  numerical  values,  and  converting  to  the 
proper  units 

'  ■'  .  .  4s  -  -(3xl0-6)(3.°.0°.7X8M4) 

l'  ■  ■  ,  =  -1.665  *  10-.3  Btu/lbm-°R 

j  -  * 

In  thet steam  tables,  for  compressed  water,  a  more  accurate r 

j  —  3  , 

value  of  -1.79  *  10  Btu/lbm-°R  is  obtained.  ‘  The  calculated 
value  is  therefore  only  an  approximation,  and  a  correction 
method  has  to  be  applied  for  a  more  accurate  value. 


T  < 

#■ 

Vf  *  * 

ivf- 

Av/AT 

°F 

ft 3/lbm 

ft 3/lbm 

ft3/lbm-°  R 

120 

0.01620 

0.0012 

3  x'lO-6 

80 

0.01608 

ds  ■  CP  f  -  (If)  dP 


(b)  Since  T  =  constant,  Eq.  (2)  and  the  relation 

*  i  .  a  ► 


?  *  * 

♦  ■ ...«  * 

•  m- 

*  ‘  1  " 

combined,  give 

ds  =  -v3dP 

or 

* 

As  =  -v6AP 
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(0.01613X205  x  10  6  )( 3000-0. 95)  (144) 
'  778 


=  -  1.77 *10“3  Btu/lbm-°R. 


'f  •'  t*  l 

•  i  —  .r? 

'i« 

•  PROBLEM  4-7 


A  reversible  cyclic  heat  engine  is  used  to  cool  an  aluminum 
block  having  a  mass  of  5  kg, from  40°C  to  20°C  by  reversibly 
transferring  heat  from  it  as  shown  in  the  figure.  The  room 
air,  which  is  at  20°C  serves  as  a  constant  temperature  sink 
for  the  engine.  What  is  the  change  in  entropy  for  the  block 
and  for  the  room  air?  Also  calculate  the  work  done  by  the 
engine.  Assume  for  aluminum  C  =  400  J/kg-°K. 


Solution:  The  block  is  cooled  reversibly,  therefore 

-  it 

)  •  r  •  c 

'revers. 

where  dQ  is  the  heat  transferred  to  the  block.  However  we 
can  also  write 
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IU  < 


.  I.  *•*  >.  '  .  /9QQ\ 

W'**  5(400)  ln(f|§) 


=  -134  J/°K. 

■*.'.**•  ‘ '  irl  b  ...  ■  ■,  '  •  t  - 

The  process  is  reversible,  and  if  the  system  is  taken  to  be 
the  block,  the  engine,  and  the  room  air  then  this  system 
is  adiabatic  and  dQ  =  0.  In  turn  for  an  adiabatic  system  in 
a  reversible  process,  the  change  in  entropy  is  zero. 

? .Therefore  for  the  room  air 


(s2  "  Si)ai,  =  -Cs2  -  sx) 


air,  * 

■  ■-  v 


block 


=  +134  J/°K 


To  calculate  the  work, ..  consider  the  efficiency  of  a  completely 
reversible  engine .  ..."  .  >•  ’ 

-•  *3  •••  •  .  t  >!:•-  ■  •  3  >■  ♦  ■  <  ■  *  .  :  ■< 

•  “  v  ..■**  S  «U  'ti.rtr.f  s-r:  "  . .  • 

•  fr ' 3?  '  •  4  «.■?-.  -•■-p  •  •  ••  =  1'.  ^  ■  *  •••  O-1  (  3) 

A.  lreV  *  .J  J.. 


(3) 
,  *  . 


dw  -dW  . 

nrev  dQ  ~  mC  dT 

r 1  •"  -  ••  h  -  -P 

:  <  *  rli,  :  t 

Equating  (3)  and  ( 4 )  Md'  solving  for  dW  obtain 

dW  *  mC  T0  ^  j-  mC  dT  (5) 

*  P  jr=-yl  P 

*  ■-  \ 

Integrating  Eq.  (5)  as  the  temperature  changes  from  Tj  =  313°K 
to  T2  =  293°K ,  the  total  work^is  obtained 

W  T; ) 

■1*1  ■'  P  •«**.  ±  1  -M,  _  ,  W  P 


=  5(400)  In 


/293) 

\  31 3  J  " 


5(400X293-313) 


i  =  v-39,260  +  40,000  ,  4 


♦  '  -.P 


=  740  J. 


"3Sr  -  mi  *  *£<1  + 


4-  ./  J-  i 


•  PROBLEM  4-8 


A  34  kg  steel  casting  at  a  temperature  of  427°r  is  quenched 
in  136  kg  of  oil  initially  at  21°C.  Assuming  no  heat  losses 
and  the  steel  casting  and  oil  to  have  constant  specific 
heats  of  0.5024  and  2.5121  kJ/kg-°K  respectively ,' determine 
the  change  in  entropy  for  a  system  consisting  of  the  oil  and 
casting.  ~  -  * 


Solution:  In  this  process,  since  there  are  no  heat  losses, 

whatever  heat  is  rejected  from  the  hotter  medium  is  going  to 


160 


be  added  to  the  colder  medium  making  the  total  energy  of  the 
oil  and  steel,  zero.  Therefore 

^cast  “  ^oil 
or 

mcCp(Tl  '  V  =  m°Cp(TF  ~  Tl)  (1) 

Substituting  the  numerical  values  into  Eq.  (1)  * 

34(0.5024X427  -  Tp)  =  136( 2 . 5121 ) (Tp  -  21) 


or 


7,293.84  -  17.08Tp  =  341.65TF  -  7,174.56 


Solving  for  T. 


_  14,468.40 
F  358.73 

=  40. 3°C . 


The  change  in  entropy  for  the  system  is 

,(AS)syst.  \(AS)oil^(AS)cast. 
where  for  the  oil 


(2) 


<AS)oii  -  J.t9  =mCP  f  ; 


dT 

T 


mCp  ln  If  X 


or 


(AS)oll  =  ( 136  )  C  2. 5121 )  ln'p||^2) 


=  21.72  kJ/°K 


For  the  steel  casting,  following  the  same  procedure 


(AS)cast.  “»cCp  ln  (If) 


=  34(0.5024)  In 


/313. 3\ 
l  700.  J 


-  -13.73  kJ/°K. 


Then  from  Eq.  (2) 

(AS)syst.  =  21.72  -  13.73  =  7.99  kJ/°K.,; 
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•  PROBLEM  4-9 


Derive  an  equation  for  the  entropy  change  of  an  ideal  gas 
undergoing  any  reversible  or  irreversible  process,  by 
using  the  definition  for  the  change  in  entropy 


along  any  reversible  path  connect ing ^the  same  end  states. 
Assume  constant  specific  heats. 


'  > 


X  :  *  * 

Solution :  Entropy  is  'a^property,  and  ffor  a  pure  substance 

is  determined  by  any  two  independent  properties,  regardless 
of  the  motion  or  position  of  the  system.  Therefore  it  does 
not  matter  whether  the  substance  is  in  a  closed  system,  or 
is  flowing  into,  out  of,  or  through  an  open  system.  Also  the 
change  in  entropy  depends  only  on  the  end  states  and  not  on 
the  path  connecting  them. 

1.1  '*  * r  >  ■  / 

The  figure  depicts  three  of  the  possible  reversible  paths 
between  the  two  states  (1  and  2).:.  The  derivation  will 
therefore  be  made  for  these  three  reversible  paths. 


Path  l->-a->-2: 


r  i  , 


■  -  -  (¥)  +  {f)  ' 

'  >  x+a  '  >  a-»-2 


(1) 


Path  1+a  represents  a  constant  volume  process.  Hence  for  an 
ideal  gas 


<5q.  =  du  =  C  dT 

a-»-a  i  -+a  v 


i->a . 


(2) 


Path  a->2  is  a  consiant.  pressure * process .  Hence  for  an  ideal 
gas 
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1C 


I 


6q  =  dh  =  C  dT 
a-*  2  a-*- 2  p  a+2 


(3) 


Substituting  Eqs.  (2)  and  (3)  into  Eq.  (1), 

-  k  ® 


ds  = 


TJ 


l-*-a 


1st) 


a+2 


Integrating 


AS  =  C  in  +  C  In  ^ 
v  Ti  p  T 

& 


From  the  ideal  gas  equation  .. 

Pv  =  RT 

S*  V  $ 

at  states  1,  a,  and  2  obtain 


•  iir- 


and 


T  ^  P  n 

a  _  _a  _  P^ 

T i  .  Pi.  Pi 


T  2  _  V  2  _  V  2 

T  v  •  Vi 
a  a 


Substituting  these  relations  into  Eq.  (5)  gives 

v2 


AS,  =  C  In  —  +  C  In  — 


Path  l-*b-v2: 


1-+2 


ds  = 


t  .P 


Vl 


(f )  ■  -  (■ 

v  '  i+b  v 


/b-*‘2 


i 

,f  i 


Path  1+b  represents  an  adiabatic  process.  Hence 

6<*Ub+"  ?  * 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


Path  b+2  represents  a  constant  oressure  process.  Thus 

<  a* 


6q  .  =  dh  C  dT 

^i+b  i-*b  p 


i-*b 


Substituting  (11)  and  (12)  into  (10) 

ds  =  0  +  (cp  f)^ 

Integrat ing  w  *  ' 


as  =  c  m  T 


41s 

T  2 


(12) 


(13) 


(14) 
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From  Eq.  (6) 


.  T2  _  V.2  . 
’■  *Tb  '  vb 


H  ’t 

Substituting  (15)  into  (14) 


AS  =  C  In  —  =  C  In  ■■ 

P  vw  P  v./vx 


Path  l+c+2 


ds 


■  (^Lc+'(^) 


C->  2 


Path  l-*-c  represents  an  isothermal  process.  Hence 

f 

6q  „  =  6w  =  PdV 
i  c  i+c 

Path  c-*-2  represents  a  constant  pressure  process.  Hence 


dS  =  dh  =  C  dT 

C+  2  C+2  p 


C*>2 


Substituting  Eqs.  (18)  and  (19)  into  Eq.  (17) 

-  *■■(?)■ 


C+2 

,  *  E  }  +  "  . 

For  an  ideal  gas  however,  from  Eq.  (6) 

p  =  RT 

v 

■r\ 

Substituting  Eq.  (21)  into  Eq.  (20)  and  integrating 

2 


as  _  HTi  (CdV  f  dT 

TV<VV  ?J0.t 


dT 
T 

v  T 

=  R  In  —  +.C  In  ^ 


Vi  *  p 


From  Eq.  (6) 


and 


,  _c.=  Pi  =  Pi 

p  p2 

».  c 


it r  *  ■  .  c  a  * 

T  rp 

_ C  _  T_2_ 

T  i  tT  '■ 

4 

Substituting  these  relations  into  Eq.  (22), 


AS  =  R  In  ^  +  C  In  _ 
P2  '•  p  T  i 


(15) 


(16) 


(17) 


(18) 


(19) 


(20) 


(21) 


(22) 


(23) 
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The  three  equations  (Eqs.  (9),  (16),  (23))  will  give  the 
same  result  for  the  change  in  entropy  between  the  two  end 
states  for  any  reversible  or  irreversible  process;'. 


+  -i»  }■ 


ENTROPY  CHANGE  OF  IDEAL  GASES 


•  PROBLEM  4-10 


Three  kilograms  of  air  are  at  an  initial  state  of  .100  kPa, 
300°K.  The  air  is  then  compressed  polytropically  with 
n  =  2.56,  to  a  final  pressure  of  500  kPa.  Assuming  constant 
specific  heats,  calculate  the  change  in  entropy  using  the 
three  ideal  gas  equations. 


Solution:  The  three  different  equation  which  give  the  change 

in  entropy  for  an  ideal  gas  are 


AS  =  triC 

V 

In 

(K) 

+  mR  In  (|y) 

- 

AS  =  mC 

P 

In 

m. 

-.f  ln  ill) 

AS 

=  m 

Cnln 

m 

where  is  the  polytropic  specif ic  heat  defined  as 

C  -nO 

c  =  JS. _ X 

S  1-n 


(1) 

(2) 


(3) 


(4) 


In  all  three  equations  the  temperatures  at  both  states  .is. 
involved.  To  find  the  temperature  at  state  2  the  following 
expression  is  used.  *  .  .. 

t  '  i.  ‘  /  li 


n- 1 


Substituting  the  numerical  values 

(2.  5  6-1)/ 2.  5  6 


_  _  _  ,  ,0.6094 

=  300  (5) 

=  800°K. 
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Using  the  ideal  gas ‘equation  of  state 

•»  „  v  „!j. 

*  ^  t  pv  =  roRT> 


the  volumes  at  the  two  states  are  then  calculated  as 

mRTi 


Vi  = 


Pi"  *  * 


and  1 


4  » 


r  v 


:  >?.; '  .  M  *  ,t.  .. 

3(0. 287)(300) 
100 

=  2.583  m3 


»  .  r  s%t  i1  t_  mRT2 
Vz  =  — 


_  3(0. 287 ) ( 800 ) 
500 

=  1. 378  m3. 


Also  from  Eq.  (4) 

f 


r  i  r 


Cn  = 


1.0035-2.56(0.717) 


1-2.56 
=  0.534  kJ/kg-°K. 


H  i  .  ■  3J  *■ 


Eq.  (1)  gives  * 

-  AS.  =  .3(0.717)  in  (fgg)  .+.,3(0,287).  in  (§fff§) 
=  1.57  kJ/°K. 


Eq.  (2)  gives  r 


,.>■1 


AS  =  3(1.00351  In  flSg'l  -  3(0.287)  In  /500'' 


\  300  } 

\ 

=  1.57  kJ/°K.  *  ' 


Uoo  1 


i  5 


Eq.  (3)  gives  ^  ^  4 

AS  =  3(0.534)  In 
=  1.57  kJ/°K 

All  three  equations  give  the  same  result,  as  should  be 
expected. 
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•  PROBLEM  4-11 


Calculate  the  change  in  specific  entropy  of  1  Ibm  of  air  when 
it  is  compressed  from  14  psiaf  60°F  to  84  psia  and  460°F. 


Solution ;  Assume  a  reversible  process  between  the  two 
state  points.  Thus 

(n-'i ) 

T2  =  (PA  n  -  - 

Ti  Ip  J 


Hence 


Cn-i) 


•  (n) 


1.769  o  (6) 


=  0.3185 


n  =  1.467 


For  a  polytropic  process 


C  «  C  +  T 

n  v  J(l-n) 


=  0.1715  + 


>  53.35 

(1-1.467)778 


=  0.1715  -  0.1467 
=  0.0248  Btu/lbra-°R 


Then  S2  -  Sa  =  mCn  In 

11  1  i 


*  1  x  0.0248  1 


n  ( 920\ 
i  520  J 


=  0.01416  Btu/°R 


The  change  in  entropy  is 


AS  =  0.01416  Btu/°R 
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I  ht-.'U  ■>  •  PROBLEM  4-12 


Helium  is  heated  re.versibly  at  constant  pressure  from  18  psia, 
80F  to  '200  F< in  a  steady  flow  system.  1  Calculate  the  change 
in  entropy- per  pound  of  helium  for  this  process. 


Solution :  The  first  law  for  a  steady  flow  system  in 

differential  form  is  ,  ^ 

-  ’’ 

6q  =  dh  +  dKE  +  dPE  +  6w  (1) 


For  a  reversible  steady-flow  process 

.ii  .  .  . 

6w  =  -vdp  -  dKE  -  dPE  (2) 


r 

From  (1>  and  (2)  > 

'  i  --  ‘  -  it  ■ 


6q  =  dh  +  dKE  +  dPE  -  vdp  -  dKE 


dPE 


For  a  constant  pressure  process  dp  =  0 

6q  =  dh 

T,*  .  V 


For  a  steady  flow  system  dS  =  0  and  6mi  =  6m2 
The  expression  for  dS  of  an  open  system  is 


i..  y  M 

dS 


dS  -  +  S16mi-S2<5m2 

-  .  4  >  ► 

=  o:=  ■©)  :  r,+\(S!  -  s2) 

'  '  rev 


6m 


S 7  —  Si  — 


Aa 


-  r  ?  - 1 


Cp  dT 
T 


for  helium,  Cp  =  1.25  Btu/lb°F 
=1.25  Btu/lb°R 


AS  -  Cp  in  ^ 


=1.25  in (§§§) 


=  0.251  Btu/lb-°R-.  M 
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•  PROBLEM  4-13 


A  gas  having  a  constant  volume  specific  heat  equal  to 
(4.52  +  0 . 007 37T )Btu /lbm-°F  is  initially  at  175°F.  Heat  is 
then  added  to  the  gas  in  a  constant  volume  process  until 
its  temperature  rises  to  200CF.  Calculate  the  change  in 
entropy  associated  with  this  process. 


H  . 

Solution;  In  this  case,  Cy ,  for  the  gas  is  in  the  form 

C  =  a  +  bT 
N 

where 

a  =  4.52 

;  i  i  j-u-  $  r  .  *  tv 

and 

i  i;_ 

b<  =  0.00737 


The  entropy  change  per  unit  mass  is  given  as 


•=> 

Integration  yields  . 


AS  =  a  In  l^)  +  b(T.  -  T  ) 

\  a  /  |b 

,  t.  *  *  ‘ 

-  4.52  In  (§f§)  i+  0.00737(200-175) 
=  0.1745  +  0.1843 

h 

=  0.3588  Btu/lbm. 


•  PROBLEM  4-14 


An  ideal  gas  at  an  initial  state  of  4.1  atm,  38°C  is  expanded 
irreversibly  to  a  final  state  of  2  atm,  4.4°C.  Assuming  the 
specific  heats  of  the  gas  to  be  Cp  =  0.5150  and 

=  0.3098  kJ/kg-°K  calculate  the  change  in  entropy. 
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Solution;  The  change  in  entropy  for  a  reversible  or 
irreversible  process  is  given  by  the  relation 

*  1  ^  1  P 

*  *  dSi -  du  +  ^  dv  i 

*  :  *  "" 

1:  .  *  ' 

However  for  an  ideal  gas 

du  -  C  dT 
v 

,  ■  *  ■  >''  s  '  y  «•'  •  * 

and 

*  *'  C  -  C* 

P  =  H  =  p  v 
Tv  v 


(1) 


(2) 


(3) 


Substituting  Eqs.  (2)  and  (3)  into  Eq.  (1), 
,2  2  2 


[  ds  =  C 

~  +  (C -C  ) 

K  vJ 

T  p  v 

l 

Integrating  gives 

as1„  =  v»df) +  <cP-cv)ln-(vr) 


(4) 


The  specific  volumes  at  the  initial  and  final  states  are  then 
calculated  as  follows.  From  Eq.  (3) 


v 


(C  -C  )T 

p  v 


or 


t  i'  ;  -V  ■ 


Vl 


1  p  ’ 

(0. 5150-0. 3098)*311 
4.1x101 


V.  =  0.1541  m3 /kg' 


and 


(0.5150-0. 3098 )x277. 4 
r  ,2x101 

=  0.2818  m3 /kg 


Am 

Substituting  all  the  numerical  values  into  Eq.  (4)» 

Asi^2  =  0.3098  In  (2^4)  +  (0.5150-0.3098)  In 

=  -0.0354  +  0.1239 
=  0.0885  kJ/kg-°K 


a  70 


•  PROBLEM  4-15 


Ten  grains  of  argon  gas  at  an  initial  pressure  and  temperature 
of  608  kPa,  300°K  respectively  undergo  a  change  of  state  at 
constant  internal  energy  until  the  final  volume  is  three 
times  the  initial  occupied  volume.  Assuming  ideal  gas 
behavior  determine  the  final  state  (pressure  and  temperature), 
and  the  entropy  change  of  the  gas  due  to  the  change  of  s  a  e. 


Solution:  For  a  perfect  gas,  the  internal  energy  is  a 
function  of  the  temperature  only.  •  *  ‘ 

*  u  =  f (T) 

t 

Assuming  constant  internal  energy,  follows  that  the 
temperature  must  also  be  a  constant.  Therefore  for  a  change 
of  state  at  constant  internal  energy. 

T2  =  Tx  =  300°K . 

f  ■  *  ^ 

Since  we  have  assumed  ideal  gas  behavior 

PiVi  =  mRTi  •  -•  .  (!) 

P2V2  = ! mRT  2  !  f  (2) 


However  T2  =  TXf  V2  **  3VX,  and  m  —  constant.  Combining 
Eqs.  (2)  and  (1)  and  solving  for  Pi  , 


p,  «  « 

*  2  o 


=  202. 7kPa 


The  change  in  entropy  is  given  by  the  equatioi 


s 2  —  s j  —  Cpln~^  -  Rln^ 


(3) 


Since  T2  =  Tx,  Eq.,(3)  reduces  to  ,  •  ’ 

s2  -  s,  »  -  Rln|i  (4) 

* 

where  for  argon  gas  R  ~  0.20813  kJ/kg-°K. 


Substituting  the  numerical  values  into  Eq.  (4) 

s2  -  si  =  -(0.20813)  In 

•«  +0.2286  kJ/kg-°K 
=  +228.6  J/kg-°K 

For  10  g  of  argon  gas 

-  H! 

AS  =  S 2  -  Si  -  m(sa  -  Si) 

1?1 


10(228.6) 

1000 


=  +2.286  J/°K 

n 


\  7  . 

•  PROBLEM  4-16 


Air  at  70°F  and  90  psia  is  enclosed  inside  an  insulated 
cylinder,  as  shown  in- the » figure , 'by ' a  piston  having  a  cross 
sectional  area  of  25  in2.  Initially  the  piston  is  held 
stationary  by  a  stop  and  has  a  weight  of  125  Ibf  on  it.  The 
piston  is  then  released  and  moves  upwards.  Calculate  the 
change  of  entropy  produced  by  the  process  resulting  from  the 
piston  release.  ,  t  , 


An  Irreversible  Adiabatic  Process. 


:is=  •  ,  -  *  J  i  "  '■  a  -  f 

Solution:  The  piston  would  be  raised  as  a  result  of  the 

expanding  gas  due  to  ,the  difference  in  pressure  on  the  two 
sides  of  the  piston.  The  piston  would  stop  rising  when  the 
forces  on  the  two  sides  of  the  piston  have  equalized.  The 
weight  of  the  piston  creates  a  pressure  on  the  enclosed  gas 

This  pressure  is  ;r  „ 

P  ”  A  ='“25~  =  5  lbf/ln 

This  pressure  along  with ? atmospheric  pressure  gives  a  value 
for  the  pressure  at  the  end  of  the  process 


P2  =  5  +  15  =  20  lbf/in2  =  2880  lbf/ft2 


The  change  in  entropy  for  an  ideal  gas  is  given  by  the 
equation 


As  1+2 


0  In  —  +  c  In 

v  i  ■  v  Pi 


(1) 


1?2 


From  the  table  of  the  critical  constants,  .for  air 

*  ♦  •- 

c  *  0.240  Btu/lbm-°R 

p  ’  $  ■  -  *  ■ 

:r 

=  0.171  Btu/ljbm-°R 
R  *  53.34  ft-lbf /lbm-°R 

However,  the  specific  volumes  must  be  calculated  first  before 
we  can  solve  for  As  ^2  .  At  state  1, 

■M 

;  ..  _  RTi  i 


where 


T,  =  70  ■+'  460  =  .;530°R 

1  r  ▼ 

*  n  2  ; 

Pj  *  90  lbf/in2  x  144  -iSy  12,960  lbf/ft 


„  =  53.34(530)  *  9  9  *+3/1h- 

1  12,960  2,2  ft  /lb 

Since  the  cylinder  is*  insulated  Qi'i*2  =  0;and  the  first  law 
gives 


where 


-  W  i  2  =  Au  — 


k  =  1.4  (for |air) 


Substituting  the  numerical  values  ;Eq .  (2)  becomes 

HI  ii;  : 

-Wi_2  =  oT4  C2880v2  -  (I12,960)(2.2)J 


W1h.2  =  7200v2  -  71 , 280 


However  the  work  can. also  be  evaluated  by  using  the  formula 


where 


Ww2  *  F  *  h? 

F  =  M  =  125  lbf 


h  =  height  ±  Y 
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0.1736  ft2 


A  =  25  in2  "x 


144  in2 


From  Eq.  (4)  then 


W^2  =  125 


rv2-vi  ~| 

|_0. 1736_J 


or 


W1>2,  =  720  v 2  -  720(2.2) 


Wx^2  “  720  v 2  -  1584  (5) 

Equating  the  two  values  of  Wx^2  in  (5)  and  (3)  and  solving 
for  v 2  gives, 

720  v 2  -  1584  7200  v2  +  71280 

'  "  7920  v  2 r = ,  72864  v 

v2  =  9.2  ft3/lbm 

From  Eq.  (1)  then 

'  A.Si-2  =  0.240  in  (f^l)  +  0.171  in  (fg) 

-  0.0862  Btu/lbm-°R 


•  PROBLEM  4-17 


An  ideal  gas  undergoes  an  isothermal  expansion  in  which  its 
volume  doubles.  For,  one  mole  of  this  gas  calculate  the 
change  in  entropy  for  the  surroundings  if  the  process  is 
assumed  to  be  reversible. 


Solution:  For  any  reversible  isothermal  process,  the 

surrounding  temperature  and  the  system  temperature  must  be 
the  same 


(AS) 


( qrev) 


surr 


surr 


The  surroundings  absorb  the  heat  that  is  given  up  by  the 
system 


(^rev) 


sys 


urr 


(q  )  ='  T(AS) 

Hrev'sys  * 


sys 
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(AS)  =  -T 

surr 

*  it  j  .. 


=  -  (AS), 


(S2  -  Sl)sys  =  C^lngj)  ♦  5  in  (£) 


=  R  In  (2) 


(AS)  =  -1.38  cal /mole-°K 

surr  . 


•  PROBLEM  4-18 

A  high  temperature  reservoir  at  538°C  is  brought  into  thermal 
communication  with  a  lower  temperature  reservoir  at  2 60°C> 
and  as  a  result  1055  kJ  of  heat  are  transferred  from  the  high 
to  the  low  temperature  reservoir.  Determine  the  change  in 
entropy  of  the  universe,  resulting  from  the  heat-exchange 
process  between  the  two  reservoirs. 


Figure  1.  Heat  transfer  across 
finite  temperature  difference 
is  irreversible  and  produces 
increase  in  entropy. 


V  i  * 

t  '■  :i  >' 

Solution :  The  change  in  entropy  of  the  universe  is  the 

algebraic  sum  of  the  change  in  entropy  of, the  high  and  low 
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Therefore 


temperature  reservoirs,  considered  separately. 

(AS)  .  ‘-  (AS). .  (AS), 

univ .  high  / low 


(1) 


Assuming  an  isothermal  process  for  both  bodies 


AS  =  S 
«  i 


where  Q,  for  the  high  temperature  reservoiris  -1,055  kJ 
(since  heat  is  rejected  from  it),  and  for  the  low  temperature 
reservoir  Q  =  +1,055  kJ  (since  heat  is  added  to  it). 


Therefore 

'  i  .J  *•- 

i  t  1  , •*!.•>  i 

,i  .. .  c  {  j 


(AS)hi'gh 


=  V'*1  ■  ‘  ’ 

‘  T«  ;  ' 

-1055 
811  . 

=  -1.30  kJ/°K 


and 


(AS) 


low 


^  f  1055 

/  533 


„  <  «  1.98  kJ / °K 


From  Eq.  (1),  the  change  in  entropy  for  the  universe  is 

*  .  * 

(AS)univ.  =  -1’30  +  X’98 
+»  *  * 

=  0.68  kJ/°K 

T  .Si  '  -  SJ  -  '  ■•+.! 

S  ■  ♦  ■  + 

..•*  i 

The  heat  transfer  in  this  case  is  irreversible,  since  it 
involves  heat  transfer  across  a  finite  temperature  difference . 
All  real  processes  are  irreversible,  and  because  of  the 
inability  to  eliminate  all  dissipative  effects  there  will  be 
an  increase  in  entropy  of  the  universe  whenever  an  irrevers¬ 
ible  process  occurs.' o 


,1?6 


PRINCIPLE  OF  THE  INCREASE  OF  ENTROPY 

•  PROBLEM  4-19 


A  device  compresses  isothermally  1  lb  mole/hr  of  ideal  gas 
at  1000° R  and  releases  3000  Btu  of  heat  which  is 
transferred  to  another  1  lb  mole/hr  of  ideal  gas  which 
expands  isothermally  from  2.72  atm  to  1  atm.  Is  it  possible 
to  have  such  a  device?  Assume  the  process  to  be  reversible. 


Solution :  For  the  process  A-B 

•  •  Y«=a'J- 


-3000 

1 


=  -3000  Btu/lb  mole 
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*  \  %,  «■  ;  r-  * 


dQ 

T 


rj> 


$  it  ** 

ii  ^  i 


=  ~3000 
-  1000 

•  3*  I  -  -  * 

*  .=  -3  Btu/lb  mole -°R 

+£■*  '*”■  *'■  '"*•  A  U  it  '*'<v  "■  1  -  *•-*,  ■■* 

For  the  process  C-D  *  F.  .  .  ,  ^ 

i4..  VU’!  v:  •  *•  '»r*  t  .Tt,.  ••  f. 

"  *  'V  q  =  +  a  '  -  - 

m 


3000 


;-=  +3000  Btu/lb  mole 


Here  the  value  of  T  is  not  known.  The  AS  equation  for  an 
isothermal  expansion  process  will  be  used,  to  obtain  T 

AS  -  f  52 

..  .  «  AS  -  j  T...  .  ..  .  ... 


<r>r' 

i*  m  *+ 9  -i 

t 


l  «\  sT  ,t 


-  ( “ dWo 

x  J  T 


;  -  -« ““ 


2  1*n  2.72 

I  «  v  k  ^ 

.  -2  Btu/lb  mole-°R 


For  the  surroundings 


AS-  = 

i  J 

=  0 


dQ 

T 


When  the  universe  is  considered 


(mAS)  .  =  (mAS)  +  (mAS) 

umv.  sys.„  .  surr. 

=  ( 1 )  ( -3)  +  ( 1 )  ( 2 )  +  0 


=  -1  “Btu/hr-°R 


This  process  violates  the  second  law  because  AS  for  the 
universe  is  negative,  which,  means  that  the  process  cannot 
take  place  and  such  a* device  is  not  possible. 
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-  •  PROBLEM  4-20 


Is  it  theoretically  possible  to  devise  a  steady-flow 
compressor  which  requires  no  shaft-power  input  if  the 
following  conditions  are  known?  Two  Ibm/sec  of  C02  at 
200  psia,  120°F  are  compressed  to  300  psia,  and  emerge  at 
20°F,  simply  by  transferring  heat  at  the  rate  of  60  Btu/sec 
from  the  device  to  a  cold  reservoir  maintained  at  -140°F. 
Potential  and  kinetic  energies  are  not  significant. 


(a)  The  control  volume 


(b)  The  process  representation 

i .  ■  "f  ' ; 


I - ± - 


f  200  psia 


AlHIttiii 


,,  Figure  1.  Analysis  of  inventor's  claim 


Solution:  This  compressor  is  theoretically  possible  only 

if  it  does  not  violate  either  the  first  or  second  laws  of 
thermodynamics.  Assuming  that  the  flows  are  one-dimensional 
at  the  inlet  and  exit,  and  also  that  the  C02  is  in 
equilibrium  states  at  these  points  from  figure  2  obtain, 

at  Ti  =  120°F  ,  Pi  =  200  lbf /in2 

hi  =  318  Btu/lbm 


at  T2  =  20°F  , 


si  =  1.315  Btu/lbm-°R 
300tlbf/in2.,  .  ■  4 

h 2  =  288  Btu/lbm 

.  *  .  ■  or  ■  .  •  * 

s 2  =  1.240  Btu/lbm-°R 


From  the  first  law  of  thermodynamics,  on  a  rate  basis 

ifi(h2  -  hi)  +  —  0 

or  substituting  the  numerical  values  $  s  3  .  ^ 
2(288-318)  +  60  =  0  Btu/sec  .  .  . 
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which  is  true.  Therefore  the  compressor  is  not  an  energy 
producing  device,  and  so  it  does  not  violate  the  first  law. 


For  the  control  volume,  the  entropy  production  rate  is  given 
as 


Pg  =  m( s  2 


Si) 


T 

res . 


where  ^res  —  —  320°R.  Thus 

Pg  =  2(1.240-1.315)  + 

=  -0. 150  +  0.188 
=  +0.038  Btu/°R-sec 


The  rate  of  entropy  production  is  indeed  positive.  Therefore 
it  can  be  concluded  that  since  the  device  does  not  violate 
neither  the  first  nor  the  second  law  of  thermodynamics,  it  is 
theoretically  possible  to  build  such  a  compressor. 
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•  PROBLEM  4-21 


One  lbm/min  of  steam  initially  at  14.7  psia,  284. 5°F  is 
compressed  in  a  water  cooled  compressor  to  a  final  state 
of  150  psia,  1200°F.  The  cooling  water  enters  at,284.5°F 
and  a  mass  flowrate  of  0.465  lbm/min,  and  leaves  at  500°F. 
For  a  combined  system  of  the  steam  and  the  cooling  water, 
calculate  the  change  in  entropy  of  the  universe  for  the 
process. 


Solution :  For  a  control  volume  consisting  of  the.  steam  and 

the  cooling  water  as  shown  in  Fig.  1,  there  is  no  energy 
entering  or  leaving  the  control  volume.  Therefore  for  this 
process 


(mAs)  =  (mAs)  +  (mAs)  , 
u  w  st 


(1) 


For  the  water  (C^  =  1  Btu/lbm-°R): 


<AS)W  = 


^  =  c  In  — 
T  p  T  3 


I  960  \ 
l 744.5 ) 


or 


=  1  In 

=  +0.254  Btu/ lbm-°R 

.jH 

t  ,  -  J 

••  ‘  -■  .*  i' 

(mAs)  =  (0.465X0.254)  =  0.1181  Btu/min-°R  (2) 

w  .j 

jl 

For  the  steam,  using  the  superheated  steam^ tables  obtain 

Si  =  1.8052  Btu/lbm-°R  i 
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s 2  “  '1. 9397  Btu/lbm~°R 


Then 


tAs)gt  =  s2  -  Si 


l  =  1.9397  -  1.8052 

=  +0.1345  Btu/lbm-°R 

or  fj  .5  *  4.  ■ 

T  •  ^  >  f  :  *  „f  4  .  ' 

,a.  ^jj(mAs)  =  ( 1 ) ( 0 . 1345 )  =  +0.1345  Btu/min-0R 

S  t 

Substituting  (2)  and  (3)  into  Eq.  (1) 

t  i  j  ,  ...  j  *  * 

(mAs)  =  0.1181  +  0.1345 

u  f  t  * 

=  +0.2526  Btu/min-°R 


(3) 


The  process  is  shown  on  a  T-s  diagram. 


•  PROBLEM  4-22 


An  insulated  chamber  containing  oxygen, is  divided  equally 
into  two  by  a  partition,  as  shown  in  Fig.  1.  Part  A  of  the 
chamber  contains  1  lb-mole  at  1  atm,  984°R  while  part  B 
contains  1  lb-mole  at  1  atm,  492°R.  The  partition  is  then 
removed  allowing  the  oxygen  in  A  and  B  to  mix  and  attain  the 
same  temperature.  Draw  the  T-S  diagram  for  this  process, 
and  calculate  the  change  in  entropy  of  the  universe. 
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\ 

/Y777777TTT7T7T7T 


1  lb-mole 
1  atm  _ \ 
984°  R 


B  M 

1  lb-mole 
1  atm 
492°  R 


r 


•insulation 


KTV 


Fig.  1 


'*‘a 


W 


Solution:  This  system  is  a idosedj  system  and  involves 

unbalanced  temperature  forces.  Wh£n  the  partition  is  removed 
the  oxygen  in  A  will  cool  to  a  final  temperature  T.2  and  heat 
the  oxygen  in  B  to  T2.  For  this  process  =  0  and  since 

the  chamber  is  insulated  Qj^  “  From  the  first  law  then 


<Au)syst  =  0 


#  • 


or 


(mAu)syst.  =  VW 


+  VUB 


(1) 


Assuming  ideal  gas  behavior  with  constant  specific  heats,  and 
using  the  relation  * 


Au  =  C‘ AT  >; 


Eq.  (1)  becomes 


& 


*  ■■  ■  e  .  -  *  :>i  ,, 

mACvATA^  +  ^Cv4*B-.  =  0 


(2) 


However  because  both  gases  are  02 

<AS)mix  =  9  ■  ;  ? 

v  •  •  •'  4.  _ 

Also  since  points  A,  B,  and  2  all  lie  on  the  same  isobar, 
an  isobaric  reversible  path  can  be  used  to  evaluate  (mAS) 
and  (mAS)^.*  ~  •-  f  '  ' 


Therefore 


ASA  “  j 


} 

29  i  f 

T 


H  dT 

Jp  T-* 


=  C  In  4r* 
P  Ta 


5.  x 


7  In 


7738\ 

\984/ 


■f. .  ...  '  ; 


>•*  \  ' 


'Ki 


=  -2.01  Btu/ lb-mole- °R 
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and 


v‘  ~ASbV= 


•  dQ 
T  *•“ 


'dT  * 


P"  T 


•  -  f  t  5 

*  >,c'  In  ^ 


1  '•’  - 7  ln  (Hi) 


-  +2.84  Btu/lb  mole-°R 


or  since  mA  =  and  the  CN  is 'the  same  since  there  is  only 


oxygen  involved,  Eq.  (2)  becomes 


or 


(T2  -  Ta)  +  <T2  -  Tg)  »  0 


s Solving  for  T2 


T,  = 


ta  +  tb 

■f  f  2  ~  k 

984  +  492 

•,*  2 


=  738°R 


The  T-S  diagram  can  then  be  sketched  as  shown  in  Fig.  2. 

J  J  •:  V  "v  IT '  '  •*  *  ”  .  : 


•'  d  \  .  lifii 


The  change  in  entropy  of  the;universe 

'*  1  n.k  \  • 

UnAS>u  -  (mAS)A  +  (mAS)B  + 


for  this  process  is 


(mAS) 


mix 


(3) 
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Substituting  into  Eq.  (3)  «,fi  *  - 

(mAS)  =  ( 1 )  (-2 . 01 )  +  (1X2.84)  +  0 

u  ■■■'* 

=  +0.83  Btu/°R  * 

The  entropy  increase  of  the  universe  shows  that  as  a  result 
of  the  unbalanced  temperature  forces  the  system  lost  the 
ability  to  do  work. 

i*  V  •  rs>:  1 

*  i,  SC  « 


EFFICIENCY 

,  ■■  *  *.  =., 

•  PROBLEM  4-23 


A  cylinder  contains  1500  Ibm  of  air  initially  at  15  psia, 
500°R.  Energy  is  then  added  to  the  air  and  as  a  result 
the  temperature  increases  to  540°R.  Calculate  the  entropy 
creation  in  the  universe,  (a)  if  the  energy  supplied  to  the 
air  is  from  a  heat  reservoir  at  300°F  alone,  and  (b)  if  the 
energy  supplied  to  the  air  is  from  a  work  reservoir  alone. 
Assume  air  to  behave  as  an  ideal  gas  with  C^=0. 171  Btu / lbm-  R. 


li 


Solution:  This  is  a  constant  mass  constant  volume  process, 

and  therefore  v j  =  vj.  From  the  first  law  of  thermodynamics, 
the  net  energy  input  CE x^.2 5  is 


El  .  =  Q12  -  W12  =  u2  -  Ui  =  m(U2  -  ui)  .  (1) 

I  in  p-  ■■  h  '  ■  ■■  -  * 

For  an  ideal  gas  with  const  ant  specifi c  heat  s , 

Ul-Ui*  Cv(T2.-  TO  (2) 
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Substituting  Eq.  (2)  into  Eq..  (1),  obtain  * 


A  .  .'I.*  J 


E  £n  =  mCv(T2  -  TO  *  , 


=  1500(0.171X540-500) 


=.10, 260  Btu  * 
**S  ■  tJ  * 


(a)  If  heat  is  the  only  source  of  energy  (Wj  =0),  then 

El .  =  Q._  = 10,260  Btu 

I  in  1^2 

Therefore , 

Qh  =  -10,260  Btu 

"  *  V  J  ;  \  t 

From  the  second  law  of  thermodynamics  _  . 

.  I  IS  ^  |  ^ 

r,'  .  AS  =  AS  .  .  +  AS„ 

•  -  vt1  7.  u  --air  1  H: 

-*• *  «*#"*■  v  ■  r**.*’  , ;  .  #].  ^  * 

For  an  ideal1  gas  :  •  ■**  »  VM  'i  * # 


..  S 


f  i  > 


/r1-  ■»  t  «*•  r;  r  is-; 


Cii  -t  ■* .  '  TV  •*  <  v 9 

s 2 j, —  Sj  =  C  ln=T-+  Rln  — 

t-N.V  *  .  I  1  ■  '■  Vl- 


V  >  -  r~* 

■  t  ivr'-  *  * 

But  v2  =  v i ,  and  so 


s 2  -  Si  =  C  ln^ 
iT  T  "  -  V-  Tj 

I*  1 

Therefore,  for  air  f' 

A^air  =  mCv  lnT7 


I  f 

7 


,  =  1500(0.171) i»  (fig) 

.  .  1  < 

^=^19. 74!*Btu/  °R 


.  \ 


For  a  heat  reservoir,  the  change  in  entropy  is  given  by 

Qt 


t  X'i  •.*‘k  .  *  a 


From  Eq.  (3)  then 


asb  ■  tJ 

■_  -10 ;  260“  •  *  * 

760  v  <■  ;  * 

=  -13.5  Btu/°R 


ASu  =  19.74  -  13.5  4 

(  =6.24  Btu/°R  *  ' 


186 


p 

(b)  If  the  energy  supplied  is  from  a  work  reservoir  alone 
CQ1^2  =  0),  then  from  the  second  law  of  thermodynamics 


AS  =  AS  .  + 

u  air 


i 

•  PROBLEM  4-24 

The  heat  engine  of  a  thermal  power  station  can  be  approx¬ 
imated  by  a  Carnot  cycle  operating  between  650°F  and  150°F. 

If  the  maximum  rise  in  the  cooling  water  is  restricted  to 
50°F,  and  the  power  output  is  lx  106kW,  at  what  rate  must 
the  cooling  water  be  supplied? 


Solution :  The  net  power  produced  by  the  station  is 

W  .  =  lx  106kW 
net  ■  • 

=  1  *  109W 

=  5.69 x  107  Btu/min 

For  this  cycle,  the  thermal  efficiency  is  given  as 

TH  “  TL  r  ' 


1110-610 

1110: 


=  0.45 


Also 


Since  ^  .  and  n  are  both  known 

net  1 


QH  = 


5.69  x  IQ7 
0.45 


=  1.26  x  10®  Btu/min 
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From  the  overall  energy  balance 

*  *.*«!  1*  ^  *  "H*  ...I  •f 

Ket  *  *H  t  *1 


<*L  =  -(«H  *  "net5 

’  ''I" 

=  -(1.26  x  108  -  5.69  x  lo7) 

i. J  ,  i*  \  *  *  .  ' 

=  -6.9  x  lo7  Btu/min 

Considering  only  the  cooling  water  and  doing  an  energy 
balance  gives 

*  Q  =  -  Qt  =  m  (C  AT) 

w  L  w  p  w 


since  all  QT  must  be  transferred  "to  the  cooling  water.  For 

.  -i  %  -  *  .  ■Li.  i-  *. ‘  1 1 f 

water  Cn  =  -1  Btu/lbm  and  AT:  =  50°F.  Therefore,  solving  for 


mw  in  Eq  (2)  gives 


ft  = 
w 


6.9  x  10 


=  1.38  x  io6  lbm/min 


ih  -  1.66  x  lo  gal/min 
w 


,  •  PROBLEM  4-25 


The  heat  engine  shown  in  the  ’figure  is  supplied  with 
10,000  Btu/hr  of  heat  froma  high  temperature  reservoir  at 
3 , 000°R  while  the  working  fluid  is  at  1000°F.  The  engine 
rejects  8,000  Btu/hr  of  heat  to  a  lower  temperature 
reservoir  at  500°R  and  the  working  fluid  is  at  140°F. 
Calculate  the  actual'  efficiency  of  the  engine.  What  fraction 
is  this  (a)  of  the  internally  reversible  efficiency  and 
(b)  of  the  external  reversible  efficiency? 


Solution:  The  actual  cycle  efficiency  is  given  by 


W  .  QJ  -Q 
out  _  in  *out 


'act.  Q 


10,000-8000 

: 10,000 


=  0.20 
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1  >3 


Ca)  The  internal  reversible  efficiency  is 

*  1  ■  T 


nint.  1  "T 


ce 


rev 


he 


600 


1  1460 

=  0.59  '  *  *?f- 


Therefore  the  fraction  of  internally  reversible  efficiency 
is  ■: 


n 


abt  _  0.20 


T).-  0.59 

int.N..  & 

rev 


=  0.34 


jr{ 


(b)  The  external  reversible  efficiency  is 

t  T.  -T 
h;  c 


ext  .  m  T 
rev. 


h  * 


^  rjr 


_ 


«  T  - 


^  *i. 


.7 


500 

3000 


=  0.83 

»  -  £  ■  •  -  . 

Hence  the  fraction, of  external  reversible  efficiency  is 


nact  •:  0.20:=*'0  24 


ext . 
rev . 


0.831 


’  .  i.' 
‘  *• 


.  -r 
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•  PROBLEM  4-26 


Freon-12  is  compressed  in  an  adiabatic  steady-state,  steady- 
flow  process  from  an  initial  state  of  0.30  MPa,  0°C  to  a 
final  pressure  of  1.40k:MPa7:  ,If ‘ 7.2  kJ/sec  is  the  work 
required  for  this  compression  process,  determine  the 
efficiency  of  the  compressor  assuming  a  mass  flow  rate  of 
0.2  kg/s.  .  *  -■?  S  | 


Solution :  From  the  continuity  equation. 


*  ■'  *  *-  -if 


m  i  =  m,  =  ift, 

1  k  z  1  k 


From  the  first  law  written  for  this  system 

w  =  h,  -  h„ 

S  .  ;  l  *  2jS 

■  r 

where  the  subscript  as  denotes  the  isentropic  process 


From  the  second  law 


4.  ?■  .  7  i  ,  ,  v  .. 


S  =  S 
2  S  1 


Furthermore  the  efficiency  for  a  compressor  is  given  by  the 
equation  ”  *  *  * 


hi-  h2 s 


'comp.  W 


The  only  unknowns  in  Eq.  (4)  are  the  enthalpies  at  states  1 
and  2,  since  the  actual  work  input1  to  the  compressor  (W  )  is 
given.  a 


Hence  the  state  of  the  substance  must  be  determined  both  at 
the  entrance  and  exit,  and  then  the  values  for  the  enthalpies 
can  be  obtained  from  the  Freon-12  tables.  So  proceed  as 
follows.  ' 


190 


State  1:  psat  =  0.3086  >  pgiven °*3  thus  the  state  is 
superheated  vapor  and 

h;  =  187.583  kJ/kg;  s  x  =  0.6984  kJ/kg-K  4(1 

State  2:  's  o  = ? 0. 6984  kJ /kg-K >  s J =  0,6773  kJ/kg-K  (P=1.4MPa) 

— - — — 2  o  '  ,  '  ■  fr ,  t\ 

the  state  is  superheated  vapor  and 


h2S  =  215.11  kJ/kgi  (by  interpolation) 

substituting  all  the  above. values  into  Eq.  (4)  and^. noting 
that 


*a  ‘  <"co»p>/*  ‘=rd--36  kJ/kV  f  . 


the  efficiency  is  found  to.be 


187.583-215.11  _ 
n  '  .  -36 


=  0.7646 


n  =  0.7646  x  100  =  76.46%  4 


THE  SECOND  LAW  FOR  OPEN  STEADY  -  STATE, 
STEADY  -  FLOW  SYSTEMS  . 


•  PROBLEM  4-27 


m 


Solution':;',  (a)  /The  maximum  velocity  can  be  reached;  when  the 
process  in  the  nozzle  is  both  reversible  and  adiabatic, 
because  then  there  is  neither  heat  transfer  nor  friction  to 
slow  the  air,,  down.  .  ,  .  „  , .  *  , 

X  ..  ?  ■  ,  ■  ,..4  j,  *  4. 

Assuming,  air  to  behave  as.,  an ,  ideal,  gas,  from  the  isentropic 
relations  for  ideal  gases.  *  *  A  ’  *  - 

<  i-  ‘  ^(^js-const.  U> 

From  the 'air.^tables,  at>the  entrance,  plane  »  r  .i] 

P  =  1.4366 
ri 

Solving  for  P  *  from  Eq.  (1);  ' 

1*2 

P  =  |~  *  P  =  *  1.4366 

r  2  Pi  r  1  zoo 

K  .  ?  r  *•«.  *  - ;  ■ 

,r  #  =  0. 7183* 

Then  with  P  known,  the  temperature  at  the  exit  plane  is 
r  2 

(from  the  air  tables)-  *  M  *'■■■’  %<  ?*  ■  ■ 

T2  =  248. 5°K  =  -24 . 6°C 

Assuming  the  velocity  of  the  air  to  be  negligible  at  the 
entrance,  and  writing  the  first  law  for  the  control  volume 
one  gets 

.  ~>jh  u  • v  ?  %  1  v°e  r.  >•.  2  r  .u  r  .  > ~  . 

or  _  , 

*  *  -  l*  ■!.  **  i 

!  V2  =  v^(hi-hIT  !'  (2) 

r  ,  1.,  r ■  f  .*  -  I  *  .  f 

Since  enough ^information  is  known  or  has  been  calculated,  from 
air  tables  the  enthalpies  at  both  states  can  be  obtained  as 

<r,  \  it  , 0  *  -:ir  \  t  ..  *  r  :  *  * 

hx  =  303.2  kJ/kg;  h2  =  248.55  kJ/kg  .s  . 


Then  from  (2) 


V?  =  v2(  303 , 2  -  248.5)  x 


1 , 000  kgm2 /s2 


=  330.76  m/sec 

k 

(b)  Since  the  process  is  irreversible  *  ythe ^velocity  is  going 
to  be  less  than  in  part (a)  of  -  this  problem. 

The  efficiency  "of  a  nozzle  is  given  by  the  equation 


-- c.! 


nnozzle 


192 


where  the  subscripts  a  and  s  stand  for  the  actual  and 
isentropic  processes  respectively.  *'■  • 

Solving  for  V  in  the  above  equation 
a 


=  322 . 38  m/sec. 


j  1  *  * 

•  PROBLEM  4-28 

Water  at  15  kPa,  40°C  enters  a  pump  and  leaves  after  the 
pressure  has  been  raised  to  5  MPa.  Assuming  the  process 
to  be  reversible  and  adiabatic  determine  the  temperature  of 
the  water  at  the  exit  of  the  pump. 


Solution :  Consider  as  the  system,  the  pump  with  a  steady 

flow  in  and  out.  From  the  first  law 

V.  2  V  2 

q  +  h.  +  — +  gZ  .  =  h  +  — §-  +  gZ  +  w  : 

1  ^  10^  0 

•  .  „  ■  iM  -  v‘  *■ 

Neglecting  potential  and  kinetic  energies 

q+h.=h+w  (1) 

^  i  e 

:  •  i.  '  *  .  U 

jj  1 

The  process  is  reversible  and  adiabatic,  hence  • 

q  =  0 

and 

s  =  s . 

*  e  .  i 

Eq.  (1)  then  becomes 

h  -  h.  =  -w  ‘  (2) 

Using  the  relation^ 

Tds  =  dh  -  vdP 

Eq .  ( 2 )  becomes 

r 

h  -  h.  =  -  vdP  (3) 

e  i  ,  .  |  ’ir  ■ 
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Assuming  constant  specific  volume  and  substituting  Eq.  (3) 
into  Eq.  (2)  and  integrating  ,  >  . 

wp  “  "vi(p2  Pi) '  •  -  v  . .  (4) 

where  the  subscripts  1  and  2,  stand  for  th*e  inlet  and  exit 
states.  From  the  steam  tables,  at  Ti  =  40°C 

Vi  =  0.001008  m3 /kg 

Substituting  into  Eq.  (4) 

wp  =  -0.001008(5000  -  15) 

«  . 

'  "  '  *  -5.02  kJ/kg 

Also  from  the  steam  tables  at  T  =  40°C 

r  'ik  •••  '  =  '  •  *  i 

*  *  *  '  -  h!  *=  hf  =‘167.57  kJ/kg  -  *  •» 

From  Eq.  (2)  „  „  - 

h 2  =  hi  -  w 

.  v  p  j. 

r  r  ^  v  “  '«* 

=’167.57  +5.02 
r  T  ,  4  .=  172.59  kJ/kg. 

From  the  compressed  liquid  table  at  P2  =  5MPa  and  h2,  by 
interpolation  ^  v 

T2  =  40. 15°C  ,  . 

Note  that  the  temperature  does  not  change  very  much,  and  in 
many  cases  constant  temperature  is  assumed. 


•  PROBLEM  4-29 

Steam  at  500°F  and  100  lbf/ir2  enters  a  steam  turbine  with  a 
velocity  of  200  ft/sec.  The  outlet  steam  has  a  velocity  of 
600  ft /sec  and  a  pressure  of  10  lbf/in2.  If  the  process  is 
reversible  and  adiabatic,  calculate  the  work  per  pound  of 
steam. 


Solution :  The  steady  flow  energy  equation  for  this  process 

can  be  written  as 


V.  2 


V  2 


w 


i 


The  example  is  one  of  steady-flow,  reversible,  adiabatic 
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process,  sg  =  si  and  entropy  and  pressure  for  the  final  state 
are  known.  ,  ,  ", 


Pj  =  100  lbf/in 2 

t! =  500  F 

Vj  =  200  ft/sec 


P2  =  20  lbf/in.2 
V2  =  600  ft/sec 


From  the  steam  tables 


For  the  final  state 


h.  =  1279.1  Btu/lbm 
i 


s.  =  1.7085  Btu/lbm  R 
i  t  n 


P  '  =  20  lbf/in2  1 
e 


s  =  s-  =  1.7085  Btu/lbm  R. 
e  l  i 


From  these  values  the  quality  and  enthalpy  leaving 
turbine  can  be  determined,  as  follows:  ^ 


the 


&  =  1.7085 

e 


■  sg  -  (1-x)e  sfg 


=  1.7319-(l-x)  1.3962 


or 


d-x)e 


0.0234 

1.3962 


=  0.01676 


Then 


k  ^  =  1156.3  -  o: 01676  (960. 1) 

=  1140.2  Btu/lbm 

Using  the  steady  flow  energy  equation,  the  work  per  pound  of 
steam  for  this  process  can  be  calculated,  as 

„  w  =  1279.1  -  1140.2  +  4— -°2l  ~  (60.Q>- 
'  *  2  x  32.17  x  7?g 


\  ,  ^ 


=  132.5  Btu/lbm. 


•  PROBLEM  4-30 


Solution:  Assume  water  to  be  incompressible 


ITn  *  adiabatic  pump  efficiency. 


Where  w  =  work  transfer/unit  mass 


a  -v(P2-P!) 
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From  the  steam  tables 


At  the  inlet  of  a  turbine,  nitrogen' enters  at  3000  psia  and 
540°R.  Assuming  the  turbine,  to  have  an  , adiabatic  (efficiency 
of  80%  calculate  the  actual  work  required  for  the ^turbine. 


I  If*’  ...  :  *'->l  • 


Fig,  1  j 

*•  :  ■  .  t,  '  il¬ 

ls 


Solution: 


From  the  first  law,  for.  a  reversible  process,  neglecting 
kinetic  and  potential  energies  and  referring  to  Fig.  2 

*  '  a 

w  =  hj  -  h 


rev 


2S 


(2) 


From  the  nitrogen  tables  at  state  1 
*  ■>.  ,  h1  =  119.735  Btu/lbm 

,  _  *  sx  -  1.23089* Btu/lbm-°R 

-  *  C;  .•  ■  •  •  -  i 

Since  this  is  a  reversible  process  1 

.  **•<.  1  ‘  •'  L  *  ..  .  1  .  |  -  .  V  •'!* 

v  -  s  2  =  sx  =•' 1.23089  Btu/lbm-°R 

and  state  2s  is  found  to  be  a  mixture  of  liquid  and  vapor. 
Therefore  at  state  2 


s  =  s  »  +  X  s  _ 

2S  f  2S  fg 


From  the  nitrogen  tables..at  14.7  psia 


s f  =; 0.67850  Btu/lbm-°R 

s  =  1.29290  Btu/lbra-°R 

h.  =  -52.243  Btu/lbm 
1  » 

hg  =  33.218  Btu/lbm 


From  Eq. 


.  T  K 


’  t 


(3)  solving  for  X2s‘,  obtain 

Szs  "  sf 

X-  =  — - 1 

2s  s 


,  1.23089  -  0.67850 
» 1.29290  -  0.67850 


(3) 
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0.89911  \'& 


Then  at  state  2 


h?o  “  h-P  +  X2s:1hftr‘ 


l.i.  -Sr  i r-  f 


“f  •  “*sj“fg 

P  I(, 

=  -52.243  T  0.8991(33.218  +  52.243) 


H  .  =  24.595 jBtu/lbra 
Substituting  into  Eq.  (2),  obtain 

i=  I  -*• 

w  =  119.735  -  24.595 
rev 

'  tLf  -  • 

=  95.140  Btu/lbra 

„:ij  .  '  '-r ^  .'d- 

Then  from  Eq.  (1),  the  actual  work! is 

n  .  ~  .  t!/  ,  **■  si'  -»■*■ 

<■  .  *  *  v 

w  .  =  0.8(95.140)  =  76.112  Btu/lbm 
act 


•  PROBUM  4-32 


Calculate  the  quality  and  work  for  a  steady  flow  and  nonflow 
process,  when  three  pounds  per  second  of  steam  expand 
isentropically  from  300  lbf/in2,  700°F  to  a  final  temperature 
of  200°F .  ' 


Vx  =  2.227  ft 3 /lbm  ; 

Since  this  is  an  isentropic  process 

s2  =  sx  ,=  1-6751  Btu/lbm-°R 

and  state  2  is  in  the  mixture  region.  From  the  steam  tables 
then  (at  T2)  ***■  ' 

sf  =  0.2938  Btu/lbm-°R 

,  /  <  ,  ii  ’  -  a  *  ' 

S_  =  1.4824 
fg€K.  *  . 

s  =  1.7762 

e  ....  ,•  , ,  . 

hf  =  167.99  Btu/lbm;  vf  =  0.01663  ft3/lbm 

*  .  *  ni  *.  t  .  ’  ,  *  .  ti  ■  .V 

h -  =  977.9  "  ;  v-  «  33.62 

fe  :■*  .'.i  . .  fs- 

h  =  1145.9  "  ;  v  =  33.64  " 

g  g 


The  quality  can  then  be  calculated  using  the  equation 

or  f  '*  -<  ■  „>  k  *rr-  v  i  *  * 

>  i  -V  '  -  .  * 

t  ’  *  *"‘-1.6751  =  1.7762  -  ( l~x) ( 1 . 4824) 


> 

J 


solving  for*x 


x  =  0.9318  =  93.182 


Now  that  the  quality  is  known  h2  and  v2  can  be  obtained  as 
follows 


and 


*  (1;x)  hfg  * 

■  N.  > 

=  1145.9  -  (0.0682)(977.9) 

\  ”  :  =  1079.2  Btu/lbm 
f  ■■  * 


V*  -  vg  -  (1-X)  vfg 

«  33.64  -  (0.0682)03.62) 
=  31.35  ft 3 /lbm 


For  the  steady  flow  isentropic  process,  the  work  is 

r  j  -  *  *  '  . 

IS.  r  t  w  =  hi  -  h 2  ..  (1) 

=  -■.1368.3  -  1079.2  =  289.1  Btu/lbm 
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or 


W  =  ihw  =  (3X289.1)  =  867.3  Btu/sec 

For  the  nonflow  isentropic  process,  the  work  is 

w  =  Uis-  u2  (2) 

The  internal  energies  as  states  1  and  2  are  then  evaluated 
by  using  the  relation 

u  =  ,h  Pv_ 


At  state  1 

♦  Jt  vr 

ui  =  hi  -  PiVi 


1079.2 


(11.526)(144)(31.35) 
778  . 


•  1012.3  Btu/lbm 

'i 

Substituting  into  Eq.  (2)  . .  ,  *  ^ 

w  =  1244.6  -  1012.3  =  232.3  Btu/lbm 

=■  Jt  t  r' 

or 

W  =  3(232.3)  =  696.9  Btu/sec. 

%  ..*>  -  #' 

f  '  ■  u  •  PROBLEM  4-33 

The  adiabatic  compression  efficiency  of  an  air  compressor 
operating  under  steady  state,  steady  flow  conditions  is 
known  to  be  70%.  Assuming  air  to  behave  ideally  determine 
the  temperature  of  the  air  leaving  the  compressor  and  the 
compression  work  requirements  in  kJ/kg,  if  the  conditions  at 
the  entrance  are  lOlkPa  and  300K,  and  the  pressure  of  the 
st  .earn  leaving  is  505  kPa. 


Solution :  Since  this  problem  involves  an  irreversible 

process,  from  the  given  data  it  is  obvious  that  the  problem 
cannot  be  solved  by  just  applying  the  first  law.  Thus 
another  method  will  have  to  be  employed. 
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\  2  i  „ 


T-S  diagram  for  the  process. 

i  -  *  *  ■ 


Let  the  subscripts  "su  and  "a"  represent  the  isentropic  and 
actual  process  respectively ,  _ and  refer  to  the  figure  for  the 
states.  Since  this  is  a  steady  state-steady  flow  process, 
with  one  stream  entering  and  one  leaving,  from  continuity 


m  j  —  m  2 

r  ;  *  .  j 

Also' since  the  process  is  adiabatic,  there  is  no  heat 
transfer  and  thus 

' ‘  :  Q‘=f0 

With  the  above  statements  in  mind  write  the  first  law  for  the 
system  as  %  , 

w  =  (hi  -  h 2 ) 


But  for  an  ideal  gas 


dh  =  Cp0dT 


and  Equation  (1)  takes  the  form 


w  = 


=  S°(Tl"^  Tz) 


(1) 


From  the  equation 

v  »  tv  4  -ii: 

.  :  '  1  ' 

’  •  « 


Pvk  =  PiVjk  -  :P 2V2k  *■=  constant 


t  i' 


and  the  ideal  gas  equation  of  state,  the  following  equation 
is  obtained  for  an  isentropic  process. 


’  * 


,P.  v<k-l>/k  , 


in :  ~ 

tx  \Pi  / V 


(2) 
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Solving  for  T  obtain 
*-  s 


2  S 


■  *.  ft*) 


(k-x  )/k 


• »» w 


(  1.4-1  )/1.4 


«  475. 15K  • 

Having  the  temperature  for  the  isentropic  process, the  work  of 
isentropic  compression  can  be  evaluated,  but  the  work  for  the 
irreversible  process  cannot  be  evaluated  because  the  actual 
temperature  at  state  2  is  not  known. 


Since  the  efficiency  is  given,  the  relation 


w  C  (T  -  T  ) 

S  Po  1  2  S 

~  W.  n  (T,  -  T„ „ ) 


a 


'Po 


2a 


is  obtained. 


Simplifying  Equation  (3)  obtain 

Ti 

0.70  = 

l 


(3) 


Solving  for  T  get 

2  a 


2a 


■ -  v-W5) 

-  300  - 


=  550.21  K.< 


Equation  (1)  then  gives,  for  the  actual  process, 


w 

a 


C  (T 
Po  1 


T  o> 

2a. 


=  1.0035(300-550.21) 


=  -2.51.08  kJ/kg. 


The  minus  sign  indicates  that  work  is  done  on  the  compressor , 
as  expected. 
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,  *  PROBLEM  4-34 


The  unit  shown  in  Fig.  1  is  used  to  produce  drinking  water 
from  sea  water  by  a  vapor-compression  desalination  process. 
Seawater  (3.5%  salt)  enters  the  unit  and  is  preheated  by 
countercurrent  contact  with  the  drinking  water  and  the  waste 
brine.  The  preheated  seawater < then  enters  the  evaporator  at 
1  atm,  where  a  portion  is  boiled  off  by  condensing  steam. 

The  condensing  steam  leaves  the  evaporator  at  105°C  and  is 
compressed  adiabatically  to..  1.5  bar,  and  is  then  cooled  to 
produce  the  drinking  water.  If  the  compressor  has  an 
efficiency  of  60% ,  calculate  the  temperature  at  the  outlet 
of  the  compressor  and  the  work  of  compression  per  kilogram 
of  drinking  water  formed. 


Compressor 


Preheater 


w 


3 


Then  consider  as  the  system,  the  compressor  and  its  contents. 
Neglecting  potential  and  kinetic  energies  the  energy  balance 
for  this  system  is  „  ^ 


q  -  w  =  Ah  =  h  e  -  h  ±  (1) 

where  the  subscripts  e  and  i  stand  for  the  exit  and  inlet 
states  respectively. 

However  the  process  is  adiabatic  (q  =  0)  and  so  Eq.  (1) 
reduces  to  , 

-w  =  Ah  ( 2 ) 

The  pressure  at  the  exit  (P2  =  1*5  Bar)  is  known.  Therefore 
determination  of  any  other  system  property  at  the  exit  will 
fix  the  state,  and  so  the  . temperature  of  the  outlet ^steam  can 
be  obtained.  ^ 

Since  the  compressor  efficiency  is  known  to  be  60%,  the  ratio 
of  the  actual  work  of  compression  to  that  needed  if  the 
compression  were  reversible  is  ' 


w 

rev 


w 


act  -  : 


0.60 


or  * 


w 


w 


rev 


act  0.60 


(3) 


For  the  reversible  process ,  .the  entropy  balance  can ; be  ,  ^ 
written  as 


( s  -  s  ) 6m  + 
i  © 


^  dA  =  0 


For  the  reversible  process  6q  =  0,  and  the  entropy  balance 
can  be  reduced  to  | 


s .  - 
1  >  e 


From  the  steam  tables  at  state  1  . .  £ 


h*  1 


Sl  =  s2  =  7.2844  kJ/kg-°K 
hi  =  2685  kJ/kg  T" 


At  state  2,  using  the  outlet  pressure  and  entropy,  from  the 
steam  tables  *  *  *  '  »  t 


(h2)rev  88  2760  kJ/kg 


From  Eq.  (2),  for  the  reversible  process 


(Ah)  ’*■  =  (h? )  -  h . 

^  'rev  2 'rev  1 
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=  125  +  2685 
•1 

=  2810  kJ/kg 

Now  that  the  exit  enthalpy  and  pressure  are  known  they  fix 
the  exit  state.  Therefore  from  the  steam  tables 

T2  =  -1680C 

which  is  the  temperature' leaving  the  compressor. 


:  ^  ^  1  '  1  -  f  ‘  •  PROBLEM  4-35 

*  ~  i 

Air  at  14.7  psia,  540°R  is  cooled  to  a  lower  temperature,  by 
exchanging  heat  with  nitrogen  at  15  psia,  300°R,  in  a  steady- 
state  steady-flow  heat  exchanger  as  shown  in  the  figure. 
Assuming  air  and  nitrogen  to  behave  ideally  with  constant 

specific  heats  of  C  =  0.240  Btu/lbm-°R  and  C  =  0.284  Btu/ 

P  P 

lbm-°R  respectively,  calculate  the  mass  flow  rate  of  the 
nitrogen,  and  the  temperature  of  the  air  at  the  exit. 


\  v  '  .  |.  »■  ■  i’  ,1  >  •  r  '  <-  ’  '■  , 

Solution :  Neglecting  kinetic  and  potential  energies, 

pressure  drops,  and  heat  transfer  between  the  heat  exchanger 
and  surroundings,  from  the  first  law 

mair>(  h  i  -  -h  2  )  =  rfijjOu  -  hs)  (1) 

From  the  property  relation  for  ‘an  ideal  gas  with  constant 
specific  heats 
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f,  V 


Ah  =  CpAT 

Substituting  Eq.  (2)  into  Eq.  (1),  gives 

*airCpa(Tl  "  T 2>  =  "  Ts) 

,  :  if-.  .  ■■  "  - 

From  the  second  law  of  thermodynamics  ^ 

](  \  AS  =  *air<s2  -  si>  +  Vs^_ 

*  -  *  '  $ 

For  a  reversible  process  AS^®  0  and  so 

j®  *** 

*air(S2  ”  Sl)  +  lhN(S(*  “  S3)  =  0 
For  an  ideal  gas 

T, 


and  * 


s2  *  si  Cpa  ln 


s-  ■  Sj  CpN  ln 


Substituting  (6)  into  (5)  obtain  > 


m  .  C  a  ln  + 
air  pa  Ti 


CpN  ln  f7  =  ° 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


Eqs *  (3)  and  (7)  are  two  equations  with  three  unknowns, 
namely  ri^,  T2,  and  T4.  However,  in  order  to  get  the  lowest 

temperature  of  T2 ,  we  should  get  the  highest  temperature  for 
T4  which  can  be  only  540°R  (the  temperature  of  the  entering 
air).  Then  substituting  all  the  known  numerical  values  into 
Eqs.  (4)  and  (7)  obtain  !l 

50(0. 24) (540  -  T2),  =  .  1^(0. 248) (540-300)  ^ 


or 


Also 


-av 


6480-12T2  =  59  J  52  rfy 

n-  .  >l-  -  '*  i.*.  v 


50(0.24)  ^  (^)4+.  1^(0:248)  In  (§§§)  -  0 
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(8) 


An  adiabatic  turbine  operates  with  a  throttle  governor  as 
shown  in  the  figure.  Steam  approaches  the “ thrott le  governor 
with  a  mass  flow  rate  of  2.0  kg/sec  at  a  pressure  of  10  MPa 
and  a  temperature  of  500®  C'.  '  The  steam  leaves  :the  turbine  with 
a  pressure  of  1.0  MPa.  If  the  isentropic  turbine  efficiency 
is  80%  and  the  power  output .  is: 700 'kW , ^ what ,  is  the  pressure 
leaving  the  throttle  governor? 


t  4  s 


Turbine  I — S  W 


i  -  ■  .mi-t  \  >  t  -  •*  f  -t 

•>  .  i  f  %•  v  nt  ^  p {b).  , .  „ 

!  •  f  *  '  I*--*  ,  r-  -  . 

*  (a) -Schematic  diagram;  (b } " T-S' ^diagram ?■ (not  drawn  to  scale) 

*:  .*  H.  «t  jJ'  ...  -  -  l  r  „  t 

$  r  -'.',  :  U  I 


’  f  ^  ft.  *i  *  *  i  ■  >, 

Solution:  Let  the  subscripts  "s"  and  ”a"  represent  the 

isentropic  (reversible  process),  and  the  actual  (irreversible 
process)  respectively  and  refer  to  the  figure  for  the  „  - 

different  states.  The. process  from. state  1  to  state  2  is  a 
throttling  process.  Therefore  from  the  superheated  steam 
tables 

i  *  -li  !  «*  •  .  ,.J 

v-Vh/-  hj/=  3,373.7  kJ/kgl 
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From  the  continuity  equation  ^ 

m  i  =  if)  2=iii  3  =  lii 


(1) 


since  there  is  only  one  flow  entering  and  leaving  the  system. 
From  the  definition  of  the  turbine  efficiency  . 


rn  =  ‘ 


w  4 

a  f 

w  |i  ' 

,  S  : 


we  can  solve  for  the  isentropic  work,  since  the  actual  work 
output  is  known.  Hence  ! 


w 

>*-  a  ■*. 

w  =  —  « 

s  n 


(2) 


where 


w  =  (Power)  f  (mass  flow-rate) 

a  t  •  •  *  *• 

=  ■  =  350  kJ/kg  '  *  ' 

Ct  \  ■-  «  - 


Then  from  Eq.  (2) 


*  I 

ws  -  fi  -  437-,i5  kJ/k« 


From  the  first  law  of  thermodynamics,  for  a  reversible 
process 

y.  :  .1 

Q  +  ifl  2  h  2  =  in  3  ll  3  +  w 


(3) 


Since  the  process  is  adiabatic  Q  =0,  and  because  of  Eq.  (1), 
Eq.  (3)  becomes  j 


-  W  ,  ,  ft  „ 

—  =  h,  -  h, 
*  3s 


or 


"i. ; 


h  =  h  -  w- 

3  S  2  a  S 


=  3373.7  -  437.5 
=  2936.2  kJ/kg 


a  *  i  { 


From  the  steam  tables  at  P3  -  1.0  MPa  and  h,  ,  we  find  that 

3  S 

the  steam  is  superheated.  From  the* superheated  steam  tables 


then,  obtain 


3S 


:  4i'r : 

=  247. 21°C 

1  '  * 


s  3 g  —  6.9118  kJ/kg-°K 
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From  the  second  law,  however  •'  *  "  **•  *  v  J 

'f  S2  ='4  3"g  -=  6 . 9118  k J  /kg-  ° K 

V‘  >*  *'  •  *  •**•=  '  •  * 

Now  two  properties  are  known  at  state  2;  the  enthalpy  and  the 
entropy.  Therefore  a  third ,- pressure  in  this  case,  can  be 
directly  obtained  from  the  steam  tables  at  the  known  values 
of  the  two  properties.  The ^procedure ,  however,  is  going  to  be 
a  trial  and  error  one  because  of  the  structure  of  the  steam 
tables", itand "goes  as  follows.  4  -i-t  :*  ■  v- 

'  S'  *  '  "  ■%  ?  ••  ' 

1.  Assume  a  pressure  less  than  the  pressure  before 

,  the  throttle  governor. 

"  yi  *  x  ? 

T- 

2.  Using  the  value  of  the  entropy  at  state  2  (s2)  and 
the  superheated  steam  tables  obtain  the  temperature 
at  state  2  (T2) 

f.  *  ns’’’  :  i  c*'  t  ♦ 

3.  Using  the  value  of  the  enthalpy  at  state  2  (h2)  and 

the  superheated  steam  tables  obtain  the  temperature 
at  state  2  (T2 )  *  *  ; 

4.  Compare  the  temperatures  obtained  in  steps  2.  and  3. 

If  they  are  the  same,  or  very  close  to  each  other, 
then  the  pressure  assumed  is  the  final  pressure.  If 
not,  repeat ’“the  whole  procedure  J  until  the 
temperatures  based  on  the  enthalpy  and  entropy 
agree .  *  *  v.,“  ,  t,  «•  * 

The  trials  are  as  follows, 
i £ )  V  s  erf.  J 

First. trial:  Assume  P2^=  4.5  MPa  »  * 

,  \  V  *  ’  *  fc.  «I~  w  ..  •  :«•  -  -  « 

T2  =  461.96°C  (based  on  s2)  * 

T2  =  471 . 67°C  (based  on  h2) 

t  „ 

i  ■ 


Second  trial:  Assume  P2  =  5  MPa 


T2  =  479. 6°C  (based  on  s2) 

T 2  =  474. 4°C  (based  on  h2> 

•  ^  A  -  v  .  X 


Third  trial:  Assume  P2  =  4.8  MPa 
v  .  ;f  -  *>!  ri  &  *  * 

.  *  T2  =  472.61°C  (based  on  s2) 

:  '+.■  iS  ..  a..  ...  -  •  /■  ..  ■  ■,’74' 


T2  =  473.34°C  (based  on  h2) 


*  ■ ;;  4  ;  -■  , , 

Therefore,  from  these  trials  it  can  be  concluded  that 

n  ^  •  * 

P2  7=  4/8  MPa 
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•  PROBLEM  4-37 


A  piston  cylinder  arrangement  contains  saturated  Freon-12 
at  -10°C.  The  vapor  is  then  compressed  to  a  final  pressure 
of  1.6  MPa.  If  the  process  is  assumed  to  be  reversible  and 
adiabatic  calculate  the  work- per  kilogram  of  Freon-12  for 
this  process.  •! 


u1:  *  :: 

Solution:  From  the  first  law  of  thermodynamics, 

a  =u-u+w  =0 

^1^2  2  1  .i  1  ->■  2 

%  *  ■* 

However,  this  process  is  adiabatic  (q  =  0)  and  so 

p  1-r  Z 

ui  f-  '  k  ■  ■  (A  \ 

-  >vw^2  =  uv:|u2'  (1) 

>  •  *  “  f  t. 

Since  this  is  a  reversible  and' -adiabatic  process  , 

^  *  '■  *■  '  f  *'"■  L  ■ 

'  «  ■  v  si  ="s2.f  '  y  4  "i  9> 

■  <  r;  '  ,  •  ■  f  -t  -l«*  •  -  -  " 

From  the  Freon-12  tables  at  state  1  ' 

...  j  , 

sx  -  s2  =  0.7014  kJ/kg-°K 

Since  the  tables  do  not  give  values  for  the  specific  internal 
energy,  using  the  relationship  ■ 

I ; 

ux  =  h  j  -’  PlVi 


h  i  =  183.058  kJ/kg 
Px  =  219.1  kPa  1 


obtain 


Vx  =.0.076646  m3/kg 

t 

u i  =  183.058  -  (219.1X0.076646) 


=  166.265  kJ/kg 


At  state  2,  from  the  superheat  tables  for  Freon-12 

•  •  ...  ■  !:•  .  si- 


T2  =  72 . 2°C ;  h2  =  218.564  kJ/kg-  ' 
v 2  =  0.011382  m3 /kg 

j  ■  Sslp*;1  **-'  '>  t 


■’  u 2  =  218.564  -'(1600X0.011382) 
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=  200.352  kJ/kg 


From  Eq.  Cl) 


w  =  u  -  u, 

!S>  •  *  '  '  ! 

=  166.265  -  200.352 


,1  .  *  =  -34 . 087  kJ/kg 

The  minus  sign  indicates  that  work  was  done  on  the  system. 

, «  *  ■  H 


•  PROBLEM  4-38 


The  tank  shown  in  the  figure  is  insulated  and  has  a  volume 
of  0.5m3.  Initially  the  valve  is  closed  and  the  tank 
contains  air  at  900kPa,  20°C.  The  valve  is  then  opened 
allowing  some  of  the  air^to  escape  until  the  pressure  inside 
the  tank  drops  to  150kPa.  Assuming  the  air  remaining  inside 
the  tank  to  have  undergone  a  reversible  adiabatic  expansion, 
determine  the  final  temperature  inside  the  tank,  and  the 
amount  of  air  withdrawn.  $  -  ,  ...?  ^  ^ 


„  ,  t  .  * 

Solution :  Assume  that  air  behaves  according  to  the  ideal  gas 

equation  of  state  -v.  .  * 


PV  =  mRT  ( 1 ) 

where  for  air  R  =0.287  kJ/kg-°K. 

Since  the  air  remaining  inside  has  undergone  a  reversible 


2 12 


adiabatic  process,  then 


?sv"  /  •  '•  •• 

‘  r  *  .  V  -ii  f  * 

A  '  *  :  P  *  •  : 

From  the  isentropic  relation,  for  ^an  ideal  gas 

(k~i)/k  , 


v  pj 

ft  •  (ft):-  i 


where  k  =  1.4,  solving  for  T2 


-*r.  s 


Ck— i )  /k 


=  Ti(^)ji 


=  293 


/150\ 

\900/ 


=  175.61?K* 


The  amount  of  air  withdrawn  is 


K;  *■ 


nr  =  mi  -  im2 


From  Eq.  (1),  at  state  1 

i 

\  ^ 


t  ' 
i 


At  state  2 


,  •!: 

\  PiV 
mir  RT x 

i-fU 


900(0.5) 

0.287(293) 


=  5.35  kg 

■*  •  rt*  ■  f 
4  L2?  «  SK-  i^K'£  . 


>  ..  'ii 


,=  P2V 

■  rt2 


7  J 


150( 0.5) 


‘  4 


0.287(175.61) 


From  Eq.  (2) ,  then 


=  1.49  kg 


•‘!k££ 

.if?  I 


me  =  5.35  -  1.49-=  3.86  kg  h‘f  ,  ^ 

j  ,  ^  ’!  i  1  *■ 

Therefore  3.86  kg  of  air  were  withdrawn  from  the  tank. 
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(2) 


•  PROBLEM  4-39 


Tank  A  has  a  volume  of  0.2  m3  and. contains  air  initially  at 
2.0  MPa,  400K.  Cylinder  B  has  a  volume  of  0.1  m3  and 
contains  air  initially  at  0.15  MPa,  300K.  The  pressure  of 
0.15  MPa  is  required  to  balance ^the  weight  of  the  piston 
and  atmospheric  pressure  on  B.  The  connecting  valve  is  then 
opened  and  air  is  allowed 'to  flow  from  A  to  B,  until  the 
pressure  in  A  falls  to  0.15  MPa.  Assuming  air  to  behave  as 
an  ideal  gas,  and  the  air  remaining  in  A  to  have  gone 
through  a  reversible  adiabatic  expansion,  compute  (a)  the 
mass  of  air  finally  in  A  and  B,;  and  (b)  the  final 
temperature  of  the  air  in  B.  Refer  to  the  figure  for  the 
schematic  representation.  ' 


valve 
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After  the  valve  opens  (state,2):  .  •  • ,  J  ■  !!i 

Tank  A:  i. 

In  order  to  calculate  the  mass  in -tank  A  at  the  final  state 
(state  2),  the  temperature  inside  tank  A  must  be  calculated, 
so  that  Eq.  (1)  can  be  used.  Since  it  has  been  assumed  that 
the  air  remaining  in  tank  A  has  gone  through  a  reversible 
adiabatic  process 

s,  <*  s,  *  * 


From  the  isentropic  relation 


t2 

T 


2  _  (vA 

i  \Pi/ 


»•=* +  \k 

(k-i)/k 


k  =  1.4  (air)  (2) 


solving  for  T, 


A  in  Eq.  (2)  yields 

(k-i ) /k 

T  I  =  t 
1  2(  A  A  iPi  / 


=  400 


(150L) 

\2000) 


(  1.4-1  )/l.  4 


=  190.83  K. 


From  Eq .  ( 1 ) 


m 


A2 


_  P2V2  _  (150X0.2) 


RT. 


(5-.i87Ki90.83)  ■  °-5478 


Cylinder  B  1  *  .. 

The  final  mass  in  cylinder  B  will  ,be  the  mass  that  was 
originally  there  before  the  valve  was  opened  plus  the  mass 
that  was  allowed  to  escape  from  tank  A  when  the  valve 
opened.  Thus  ».  ,? . 


where 


m 


B: 


"Bi 


+  m 


Ae 


m.  =  m.  -  m. 

Ae  Ai  A2 

h 

=  3.4843-0.5478 
=  2.9365  kg 


J 


(3) 


♦J- 


From  Eq.  (3)  =  ,  ■  ,  a 

v  ^  / 

I!  •=  «• 

mBz  “  mBi  +  mAe  =  0.1742  +  2.9365  =  3.1107  kg 
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(b)  The  first  law  written  for  this  system  (tank  A  and 
cylinder  B)  is 


Qi 2  =  u2  -  Ux  +  W12  (4) 

r  *'  •  >  ’  £ '  •  * 

where  Q12  =0  (adiabatic  process).  Also  the  work  done,  in 
moving. the  piston  in  cylinder  B  from  the  initial  to  the  final 
volume,  -isj*i  ,  » 


"  *  I  ? 


PdV  =  P(V 


B2 


- 


substituting  the  above  expression  for  work  and  expressing  on 
a  per  mass  basis,  Eq.  (4)  takes  the  form 

0  =  <mA2UA*z  +  mB2UB2)  -  (mA1UA1  +  mB1UB1)  +  mP(v=  ~  vl) 
or 


m.  UA 

A2  A 2 


-  mA  uA  + 

Ai  Ai 


mB2un2 


-  mB 1 UB 1  +  mP(vB2 


-  vBl>  ‘  0 


Using  the  relation 

u  „=  :h  -  Pv 

the  above  equation  becomes 

m .  u .  -mAuA  +mDh  -  m  h  =0 
A 2  A 2  Ai  Ai  B2  B2  Bi  Bi 


(5) 


•  k 

r  ** 

Since  air  was  assumed  to  behave  ideally,  the  relations 
(assuming  constant  specific  heats) 


dh  =  c  dT 
po 


and  du  =  C  dT 
vo 


l 


can  be  substituted  into  Eq.  (5)  to  give 

f  ■«  •  ..... 

m.  C  T?*-  m . C  __T.‘  +  nZ  C  _T„  -  m 


A  2  vo  A  2 


Ai  vo  Ai 


B  2  po  B  2 


_  C  =  0 
B 1  po  B 1 


The  only  unknown  in  the  above  equation  is  the  temperature  in 
cylinder  B,  after  the  valve  was  closed.  Thus,  using  the 
values  for  the  different  masses  as  was  obtained  in  part  (a) 
of  this  problem,  and  taking  the  specific  heats  as 


C  =  0.7165  kJ/kg-K,  C  =  1.0035  kJ/kg-K 
vo  . ■  P° 


solving  for  TD  gives 
2 


mA  C  Ta  -  mA  C  Ta  +mn.C  T 
_  Ai  vo  Ai _ A 2  vo  A 2  B 1  po  B 1 

,  m  D  C 
B  2  po 
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_  r  3. 4843  )  (0. 7165  )(400)-(  0.5478X0. 7165)  (190. 83) 
(3.1107)(1.0035) 


+  (0.1742)(1. 0035) ( 300) 
(3.1107X1.0035) 

=  312.71  K 


Thus  there  was  a  temperature  rise  of  approximately  twelve 
degrees. 


Note  that  the  answer  could  have  been  obtained  using  Eq.  (5), 
with  values  for  the  enthalpies  and  internal  energies 
obtained  from  the  air  tables.  The  procedure  would  be  to 
solve  for  the  unknown  enthalpy,  and  then  go  back  to  the  air 
tables  to  find  the  corresponding  temperature  at  the 
calculated  enthalpy.  This  procedure  however  would  involve 
more  numerical  calculations,  even  though  it  would  give  a 
more  accurate  value. 


THE  SECOND  LAW  FOR  CLOSED  UNIFORM  -  STATE, 
UNIFORM  -  FLOW  SYSTEMS 


•  PROBLEM  4-40 


Two  rigid  and  perfectly  insulated  tanks,  are  connected  by  a 
small  pipe  and  valve.  Tank  A  has  a  volume  of  0.5  m3  and 
initially  contains  water  at  l.OMPa,  400°C.  Tank  B  has  a 
volume  of  0.6  m3  and  initially  contains  water  at  O.IMPa, 
250°C.  The  valve  is  then  opened  and  water  flows  from 
tank  A  to  tank  B  until  the  pressure  inside  tank  A  is 
0.6  MPa,  and  then  the  valve  is  closed.  What  is  the  final 
pressure  in  tank  B? 


Solution :  First  determine  the  state  of  the  substance  in 

both  tanks,  before  the  valve  is  opened.  Let  this  be 
state  1. 


From  the  steam  tables  for  each  tank: 


State  1 

Tank  A:  Initial  state  is  superheated  vapor 

T  .  =  179. 91°C  <  T  .  _  =  400°C 
sat,  given 
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Therefore, . from  the  superheated  steam  tables 


t**  1 


'VA  =  0.3066  m3/kg 
h  =„3263 .9  kj /kg  4 

lOV  t  A1  ,  •  j;  *  i'L  -  ,  1  * 

uA  =.  2957. 3  kJ/kg  "i  \T  f 
*.  1  '  «  sAi  =  7.4651  kJ/kg-°K 

*  *%s*l  -  -  * 

,  4  j:*,  V  „  C  ■  . 

Tank.B:  Initial  state  is  superheated  vapor 

•  «;,<*  •  T  .  V  s*  $  «  f  ♦  '  •*’ 


TSfc** 


fgT  .  =  99.63°C  <  T  ' .  =  250°C,  > 

sat  given. 

5P  i  i  -*■  r  j  u „  . 


Therefore, 


*  t  m 


•'*.  .  ■<  j'  ;  • 

■  il  v"  •  a.  ■  : 

jr> 

Vg^  =  2.406  m3 /kg 
-hBi  -  2,974. 3j. kJ/kg  *, 

fc  1-  -n  ■  •-  .  .  -V  H+-‘ 

uBi  =  2,733.7  kJ/kg 

s„  =  8.0333  kJ/kg-°K 

bi; /  r  ,  .  ••  «  „ 


•l 

i 


r\ 

ft-  '  ■  * 

3  *  i 

\  * 


Because  the  containers  are  insulated 


Q  =  0  :  ;  - 

■  -  x-  ft-  '  X  *% r  •- 

Furthermore  assume  that  everything  remaining  in  tank  A  goes 
through  a  reversible  adiabatic  process. 
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Hence 


f 


s  =  s  =  7.4651  kJ/kg-°K  { 

A  2  A  i  ■  j;; 

After  the  valve  has  been  opened  and  closed  again  (when  the 
pressure  in  tank  A  reaches  0.6  MPa),  the  two  tanks  have 
reached  a  new  state. 


State  2 

Tank  A:  Two  independent  properties  are  known  at  this  state, 
and  so  the  state  of  the  substance  can  be  determined  as  , 
follows: 

Using  the  steam  tables  at  P  =  0.6  MPa  ,  ^ 

( sf }a 2  =  1*9312  kJ/ke-°K 

<sg)A2  =  6.76  kJ/kg-°K  A 

Since  s.  >  (s  )  the  substance  is  superheated. 

A  2  S  A  2 

•:r  -  ; 

'  -  *  U  »■  j  -  ■  ••*•••  >  ■  1 

From  the  superheated  steam  tables  then 

T.  =  326. 64°C 
A  2 

vA  =  0.4556  m3/kg  i 

A  2  "  ■ 

! 

..  '  ua"2  >  =  -2843.72  kJ  /kg  |. 

h.  =  3117.06  kJ/kg 
i  "  *-  A  2 

Tank  B:  Since  not  enough  information  is  available,  state  2 
cannot  be  determined  for  the  substance  inside  tank  B. 


However 

states 

'  v  *.  : 

the  mass  in 
as  follows. 

both 

tanks  can 

be  calculated  at  both 

m. 

A  i 

i 

c 

> 

*  -  *  .L 

0.5  ' 

■ft  ’ 

=  1.6308  kg 

"  -  «}!' 

T- 

1 

< 

> 

0.3066 

i 

k  \  • 

mA  *2  ' 

m  _^A_ 

0.5 

=  1.0975  kg  **  I1, 

VA2 

~  0.4556, 

.  Hi. 

.  Jb 

0.6 

0.2494  kg 

VBi 

2.406 
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At  state  2  the  mass  of  water  in  tank  B  equals  the  initial 
mass  in  the  tank  plus  the  mass  of  water  entered  while  the 
valve  was  kept  open.  Therefore 

.  •  *  ,  .... ,  mD  ..  =  m_  +  ■  m , . 

♦  ■  **  *  'l  B  2  B  i  Ae 

*  t  7  •:».  ,  •  i, 

=  mBl  +  CmAl  -  niA2) 


=  0.2494  +  (1.6308  -  1.0975) 

.  =  ,0.7827  kg  . 

From  the  f  irst  law  ~  M  ‘ 

-  ua  -  U,  +  (1) 

For  this  process,  however,  Qj^2  =  0  and  V1^2  =  0.  Therefore 

■'  -  '  u2  -  uif='o4l\.  7 

or  on  a  per  mass  basis;  .  „  s*.f  - 

(mAUA  +  mBUB)2  ~  (mAUA  +  mBUB\  =  0  (2> 

...  ■  .’n-i  $  *■**'  - 

The  only  unknown  in  Eq.  (2)  is  the  specific  internal  energy 
of  the  water  inside  tank  B  at  state  2. 


Solving  for  u_  obtain  :.lf 
h2 


1b2 


_  mAiUA;+  mB1UB1  -  mA  2UA  2 

.  i\  :  *•:  mB2  * 


=  (1.6308X2957.3)  +  ( 0. 2494)  (2733 . 7 ) 

0.7827 


\T  :Xt  IT  ^  .4  ( 1 . 0975  X2843.72) 

**  “  0.7827 

*  *  r  *  t  •'  v  *  or  ;  it 

WWl  *  =  3, 045. 31 /kJ /kg  ,,  , 

At  state  2,  inside  tank  B,  the  specific  volume  can  be 
calculated  as  follows:  ^  *  •  - 

V  *  *  K 

vb2  “  sr  -  -oMn  ■  °-76e6  mJ/k8 

?  *  -  *  —  ' 

’•"*  *  y  V  * 

Now  two  independant  properties,  namely  the  specific  internal 
energy  and  specific  internal  volume  are  known.  Therefore  a 
third  property  xan.be- obtained  for  the  substance  at  that  state, 
using  the  property  relation 

u  =  h  -  Pv  (2) 

and  the  steam  tables.  The  solution  is  a  trial  and  error  one, 
and  goes  as  follows:  +  - 
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First  trial:  Assume  P  =  0.4MPa 


From  the  superheated  steam  tables 

h  =  3262.8  kJ/kg 


From  Eq.  (2) 


u  =  2956.16  kJ/kg 

i"  uD  =  3045.31  >  u  =  2956 .16 

►  • 

1  ••  ' 

Second  trial:  Assume  P  -  0.5MPa 

_  __  ^  .  .  , 
From  the  superheated  steam  tables 

,  h: =  3614.1  kJ/kg 

From  Eq.  (2)  ■  -  "  »  Bl:  <•  '■ 

‘  '  .Hi 

u  =  3230.80  kJ/kg 

'  *■  t  •  -KiP  • 

i.  „  14  u„  =  3045.31  <  up  3230.80 

B  2  ■< 


f 


v'  1ij‘ 

From  these  trials  it  is  clear  that:  the  final  pressure  must  lie 

between  the  two  assumed  values.  The  reason  is  that  one  of  the 
trials  gives  a  value  lower  than  the  actual  value  for  the 
specific  internal  energy,  and  the  'other  gives  a  higher  value. 

.  *ij)  '  V  ••  *  -x 

•«  -  ji  T  ..  I 

Therefore  it  can  be  concluded  that;  , 

...»  'I  i  '  •  >  * 


0 . 4MPa  <  Pg2  <  p . 5MPa 

•  *  hi  m  • 


Or  by  interpolation 


P  s  0.43  MPa 

it'  "*■*■ 


b  -  ' 
ift  , 


*4  "■ 


Hi 


•  ip 

h  1. 
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CHAPTER  5 


IRREVERSIBILITY  AND  AVAILABILITY 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  222  to 
263  for  step-by-step  solutions  to  problems. 


In  the  thermodynamic  analysis  of  processes,  irreversibility  and  availability 
are  two  important  concepts  associated  with  the  amount  of  useful  work  that  can  be 
produced.  Availability  is  a  property  that  gives  the  useful  work  potential  of  a 
specific  amount  of  energy,  and  it  is  the  part  of  the  total  energy  that  can  be  used  to 
do  the  maximum  possible  work  in  a  reversible  process.  The  other  part  of  the  total 
energy  cannot  be  used  for  work,  e.g.,  energy  at  the  temperature  and  pressure  of 
the  surroundings  (unavailable  energy).  Irreversibility  is  the  difference  between 
reversible  work  and  useful  work,  and  it  includes  energy  that  has  been  converted 
to  heat  as  a  result  of  friction  and  turbulence. 

Availability  is  important  for  analyzing  systems  that  have  fluids  available  at 
high  temperatures  which  potentially  can  be  used  to  produce  work.  To  have  avail¬ 
able  energy  the  process  must  have  fluid  temperatures  and  pressures  above  the 
surroundings.  Moreover,  only  part  of  the  total  energy  can  be  used  to  do  work,  the 
available  energy;  the  remainder  is  transferred  to  the  surroundings  as  heat,  un¬ 
available  energy. 

The  total  energy,  QH,  entering  a  process  is  the  sum  of  heat,  work,  and  energy 
associated  with  incoming  fluids,  and  the  available  energy  in  the  process  is  ana¬ 
lyzed  using  the  ideal  heat  (Carnot)  engine  cycle.  For  a  known  amount  of  total 
energy,  QH,  entering  the  cycle  at  temperature  TH,  the  amount  of  work,  Wrev,  done 
by  this  process  can  be  computed  if  the  temperature  of  the  reservoir  to  discharge 
heat  is  known.  If  this  reservoir  temperature  is  specified  as  the  ambient  or  sur¬ 
roundings  temperature,  TL,  then  the  amount  of  energy  converted  to  work,  Wrev, 
and  the  amount  of  energy  rejected,  Qa  can  be  computed  as  follows: 

Qc-Qn^f-  (1) 

Wrev  ~  Qh  ~~  Qc  ~  Qh  (1  ~  TJTh)  (2) 

For  the  Carnot  heat  engine  cycle  with  these  conditions,  QH  is  the  total  energy,  Wrev 
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is  the  available  energy,  and  Qc  is  the  unavailable  energy. 

Real  processes  are  analyzed  for  irreversibilities  to  determine  the  inefficien¬ 
cies  in  each  step.  The  steps  are  compared  with  the  corresponding  ideal  ones, 
which  have  no  irreversibilities,  to  obtain  a  measure  of  the  efficiency  of  the  actual 
process.  In  the  ideal  process  all  changes,  heat  transfer  and  work  done,  are  revers¬ 
ible.  This  will  give  the  maximum  amount  of  work,  Wrev. 

To  perform  the  analysis  for  irreversibilities,  the  first  and  second  laws  of 
thermodynamics  are  used,  and  the  following  procedures  are  for  closed  system 
and  steady-state  flow  processes.  Beginning  with  the  closed  systems  the  first  law 
of  thermodynamics  is: 

AU=Q-W  (3) 

The  second  law  of  thermodynamics  for  a  closed  system  states  that  the  total 
entropy  change  must  be  positive  for  an  irreversible  system  and  surroundings  and 
zero  for  a  reversible  system  and  surroundings.  The  total  entropy  change,  A Slolab  is 
the  sum  of  the  entropy  change  for  the  system  and  the  surroundings,  and  it  is 
called  the  entropy  generation,  Sgen,  also: 

A-S total  ~  Sgen  ~  AS  +  A Ssurr  S  0  (4) 

For  this  analysis,  the  surroundings  are  treated  as  a  thermal  energy  reservoir  at 
temperature  Ta.  Then  the  definition  of  entropy  change  for  an  isothermal  heat 
transfer  process  is  used,  i.e.,  A Smrr  =  QJT0.  However,  Qa--Q  for  the  system;  and 
Eqs.  (3)  and  (4)  can  be  combined  to  determine  the  actual  work  for  the  closed 
system: 

W  =  -AU+T0AS-TSgen  (5) 

The  useful  work,  Wu>  is  defined  as  the  difference  between  the  actual  work, 
W,  of  Eq.  (5)  and  the  surrounding  work,  PJAV  (volume  change  AV  against  con¬ 
stant  surroundings  pressure  PQ ): 

Wu  =  -A U  +  T0AS  -  T£gen  -  P0AV  (6) 

For  a  reversible  process,  the  useful  reversible  work,  Wrew  is  when  Sgen  =  0  or: 

Wrev=-AU+T0AS-P0AV  (7) 

This  equation  gives  the  maximum  useful  work  for  a  closed  system  going  from 
state  1  to  state  2  while  exchanging  heat  with  the  surroundings  at  T0  and  Pa. 

It  is  convenient  to  define  the  availability  <J>  as  a  function  using  Eq.  (7)  where 
state  2  is  designated  as  0,  that  of  the  surroundings,  and  state  1  is  treated  as  a 
variable: 

4 >  =  (£/- 1/0)  -  ro(S  -  S0)  +  P0(V  -  VQ)  (8) 

Availability  is  a  state  function,  and  the  reversible  work,  Wrevf  can  be  evaluated 
using  Eq.  (7)  in  terms  of  i.e., 
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Wrev.  =  4>i  -  (j>2 


(9) 

Using  this  equation  the  reversible  work  can  be  interpreted  as  the  decrease  in 
availability  of  a  closed  system  (or  increase  for  compression). 

For  a  closed  system,  the  irreversibility  /  is  defined  as  the  difference  between 
reversible  work,  Wrev>  and  the  useful  work,  Wu.  From  Eqs.  (6)  and  (7),  this  is: 

I=Wrev-Wu  =  TJgen  (10) 

Irreversibility  is  a  measure  of  losses  such  as  those  to  friction  and  heat  discharged 
at  a  temperature  above  the  surroundings. 

The  analysis  of  availability  and  irreversibility  for  a  steady-state  flow  system 
follows  the  same  reasoning  as  that  for  a  closed  system.  The  first  law  of  thermo¬ 
dynamics  for  a  steady-state  flow  process  with  potential  and  kinetic  energy  changes 
considered  small  compared  to  the  change  in  enthalpy  is: 

A H  =  Q-WS  (11) 

Eq.  (1 1)  is  written  per  unit  mass  flowing  through  the  system,  and  Ws  is  shaft  work. 

The  second  law  of  thermodynamics  for  a  steady-state  flow  process  is  given 
by  the  following  equation: 

A S,M,  =  Sgm  =  Se  -  Si  +  *  0  (12) 

*surr 

where  Se  -  5,  is  the  entropy  per  unit  mass  associated  with  mass  flow  rate  w  through 
the  system,  and  Qsurr/Tsurris  the  entropy  change  associated  with  heat  transfer  across 
the  boundaries  of  the  process,  e.g.,  through  heat  exchangers. 

Eq.  (12)  can  be  written  in  terms  of  Q,  the  heat  transfer  rate  with  respect  to  the 
system: 

V,=  (S;-S,)-^  (13) 

*o 

where  Qsurr  ~-Q  (negative  of  the  heat  transfer  rate  with  respect  to  the  surround¬ 
ings),  and  Tsurr  -  T„  the  reservoir  temperature  for  the  surroundings. 

Eq.  (13)  can  be  used  to  replace  Q  in  the  first  law  of  thermodynamics,  Eq.  (11), 
to  give  an  equation  for  shaft  work,  Ws: 

Ws  =  -  AH  +  T0(Se  -  5S)  -  TJSgen  (14) 

This  is  the  comparable  equation  to  Eq.  (5)  for  a  closed  system. 

The  reversible  work  for  a  steady-state  flow  process  is  Eq.  (14)  with  Sge„  -  0,  i.e., 

WStrev  =  “  A//  +  T0(Se  -  Si)  (15) 

The  stream  availability,  is  a  function  obtained  by  using  Eq.  (15)  where 
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state  e,  the  exit  state,  is  taken  as  0,  that  of  the  surroundings,  and  state  i,  the  en¬ 
trance  state,  is  treated  as  a  variable.  This  is  comparable  to  the  definition  of  <j)  in  Eq. 
(8)  for  a  closed  system: 

: 2 

V>  =  (H-H0)-T0(S-S0)  +  —  +  gz  (16) 

In  the  above  equation,  the  kinetic  and  potential  energy  terms  have  been  added  for 
completeness.  For  these  terms  «o  =  0  and  z0  =  0.  -  —  — 

The  stream  availability  is  a  state  function,  and  the  reversible  shaft  work, 
Ws>rev,  from  Eq.  (15)  can  be  evaluated  using  q»,  i.e.,  *.  ■  ■ 

f  WStrev= 

Using  this  equation,  the  reversible  shaft  work  can  be  interpreted  as  a  decrease  in 
availability  for  flow  systems. 

Eq.  (17)  gives  the  maximum  shaft  work  for  a  steady-state  flow  process,  and  it 
provides  the  basis  for  computing  the  thermodynamic  efficiency  q:  . 

?,  >  t, = :  (is) 

s,rev  H 

The  actual  shaft  work,  W#  for  the  process  is  required  to  evaluate  the  efficiency 
given  in  Eq.  (18),  and  it  is  computed  using  Eq.  (14)  for  the  actual  process. 

The  irreversibility  /  for  a  steady  state  flow  process  is  measured  by  the  differ¬ 
ence  between  the  reversible  work,  Ws>rev)  and  the  actual  work,  Ws:  , 

l=Ws,rev-Ws  •  (19) 

Using  Eqs.  (14)  and  (15),  the  irreversibility  or  lost  work  is  given  by: 

l=Wlosl=T^gen  '  l  (20) 

As  in  a  closed  system,  the  irreversibility  or  lost  work  is  a  measure  of  losses  such 
as  those  from  friction  and  heat  discharged  at  a  temperature  above  the  surround- 

ing§-  '  ‘  :  r • 

In  summary,  the  availability  functions  for  closed  and  steady-state  flow  sys¬ 
tems  have  been  developed  from  the  first  and  second  laws  of  thermodynamics. 
Reversible  work  can  be  interpreted  as  a  decrease  in  availability  !  of  a  system. 
Irreversibility  or  lost  work  is  the  product  of  the  entropy  generated  by  the  system 
and  the  temperature  of  the  surroundings  considered  as  a  thermal  energy  reservoir. 

r 

i  *-  ■. 

•  v  V  ■  ;  ..  r  „  >  -  0  UtxSX  ?■■*>  ' 
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Air  at  150  lbf/in2,  150°F  and  a  velocity  of  300  ft/sec  is 
expanded ■ in ' a  gas  turbine  and  leaves  at  50  lbf/in2,  40°F 
and  200  ft/sec.  Assuming  no  heat  losses  and  air  to  be  an 
ideal  gas  with  constant  specific  heats,  calculate  the 
reversible , work  per  pound, of  air  done,  and  the  actual  work 
done  by  the  turbine.  '  f 


Solution :  *A 'typical1* turbine’  consists  of  (1)  a  nozzle  which 
accelerates  the  air  flow  converting  internal  energy  and  flow 
work  to  kinetic  energy,  and  (2)  a  rotor  which  slows  down  the 
fluid,  extracting  energy  from  the  air  as  work. 

r  f  «.-«*  ’  ■  ..iiSi  >  !  £  '  ,  t>l  •  ►'  .  ».<■  • 

The  reversible  work  done  for  a  steady  state  process  can  be 
calculated  from  the  equation 


VT  -  hO-~  T  CS,  -  SO  + 

rev  i  ..  e  o  l  e 


+  (Zi-2e)  f- 


i,  .  f  V*  % 


V  .  z  -  V 


’  ^<hi  -  he>  -  Vsi  -  se)  +  '~S>F 


=  c  (T 
po 


.  -  T  )  -  T  (c  In  ~  -  Rln  =^^1 
i  e  o^  po  Te  Pe J 


Vx  2  -  V 


=  0.240(610  -  500)  -  537(0.240  In 
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V 


53.3  .  150  \  ( 300) 2  -  (200) 
~TW  50  J  64.34  x  778 


=  26.4  +  14.8  +  1.0 
=  42.2  Btu/lbm  * 


"j  ■■■  'in  tr 

%  1 1 


The  actual  work  of  the  turbine  is  obtained  from  the  steady- 
flow  energy  equation  |l 


V,  2  -  V 


W  =  (hi  -  h0)  + 


z  <1  ,7 


V  ■ 

ii!  ■  'it  - 


-  0.240(610  -  500)  _+  (64°3l~*(7?f7 


i.  }  7 


=26.4+1  . 

=  27.4  Btu/lbm 


0  ~  .,0 


t  ■  i  «•  -1  r  '■  *  <»  •'  J-  'i  r-$  <*"  Tfe  ••+  ••  ,  t 

k  ' 

•  PROBLEM  5-2 


Calculate  the  minimum  power  required  ’to ; cool  100  lb  moles/ 
min  of  air  from  550°R  to  500°R  when  the  surrounding 
temperature  is  550°R.  1  .** 


Solution:  Apply  the  equation 


W  =  T  AS  -  AH 
o 


•»  *y-  ;(D 


'  t  ’  .  ’  ’  ^  L  - 

to  1  pound  mole  of  air.  Assume  the  heat  capacity  as 
7  Btu /( lb  mole) ( °R)  t ^  '  = 

.  .  -i!  KtO#  jl 

AS  =  -7  In  (550/500)  r  * 

•  ■’  f*  •  *  ■  o  i  ,*.f  v  ..fli  "• 

=  -  0.666  Btu / ( lb  mole ) ( °R) 

AH  =  7(500  -  550) *=  -350~Btu/(lb  mole) 

The  minimum  work  required  is 

I  s  1.  .  * 

W  .  =  (550H-0.666)  +  350  '  ~ 

min 

r  |  * 

=  -16  Btu/(lb  mole). 

For  100  lb  moles  of  air  per  minute  '  * 


W  .  =  (-16) (100)  =  -1600 -Btu/mih.b*  C 

min 


=  -37.7  hp. 


~ .  vj  f  T  k  * 
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•  PROBLEM  5-3 


Air  at  an  initial  state  of  100  psia  and  800°R  is  expanded  in 
a  cylinder  to  a  final  pressure  of  10  psia,  along  a  polytropic 
path  with  n  =  1.3.  Assuming  the  process  to  be  adiabatic,  and 
air  to  behave  as  an  ideal  gas,  calculate  the  friction  of  the 
process  per  Ibm  of  air. 


Solution :  The  friction  of  the  process  is  the  difference 

between  the  actual  work  done  during  the  process  and  maximum 
possible  work  or  the  reversible  work.  '  Therefore 

* 

F  =  w  -  w  ( ■ 

rev  act  v ' 

'  <  >  «.  . 

:  t  f  -  * 

Noting  that  Q  =  0,  'the  actual  or  irreversible  work  equals 

wact  =  ui  -  u2  -  cv(T2  -  Tj)  (S 


The  temperature  T2  at  the  end  of  the  expansion  is  found  using 
the  relation 


W\>  -*r  <,  •  T2  -  1 

L-  -  tv*  ”  ** 


“•  Ti(t7  )  n  *  ?JCT  '  •  i 

••  **  •  i  j  ’• 

0-2  3  0 

-800  (A)  - 


xrr  Tt  .  =  *800 


=  470°R  t,  . 

Then  by  Eq.  (2),  with  cy  =  0.172  Btu/lbm-°R 

w  .  =  0.172(800-470) 

*  •  t  •  acV  ‘  r  •  ?■  j.  t  ’ 

=  56.6  Btu/lbm 

. i  r  * 

The  reversible  work  for  this  system  is  given  as 


-  P2V2  ~  piv-i  _  R(T2  -  Ti) 
1-n  •>  J  1-n 

>  *  & 

_  1.986(800-470) 

29(0.3)  ,  t  ^  . 

=  75.4  Btu/lbm. 


Then  from  Eq.  (1) 


F  =  75.4  -  56.6  =  18.8  Btu/lbm 


which  is  the  frictional  force 
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•  PROBLEM  5-4 


An  air  compressor  is  used  to  compress  air  from  atmospheric 
conditions  (14  psia,  60°F)  to  70  psia,  120°F  in  a  steady- 
state,  steady-flow  process.  Calculate  the  minimum  work 
required  per  pound  of  air  to  drive  the  comores sor . 


Air 

*x  14.0  psia 


Pi 

r,  60  F 


t 

—4 - 

I 


Compressor 


Pi 
■  Ti 


■■  70.0  psia 
'  120  F 


Solution:  For  a  compression  process ,  W  <  0  because  work 

- — '»■*■■■  -  ■  •  ;  III  ti  A 

must  be  supplied  to  the  system  .  Therefore 


-w  =  minimum  w. 
max  m 

Neglecting  kinetic  and  potential  energies,  it  can  be  written 

for  the  reversible  work  (w  )  ,,  ^ 

max 

w  «  (hj  -  ToSj)' -  (h2  -  T0S2)  , 

-  max  i 

.  T  ^  .  -  * 

=■  (hi  -  h 2  )  T 0 ( Si  -  S2)  *  (1) 

where  'l 

T0  =  60  +  460  =  520°R 

Assuming  constant  specific  heats,  and  treating  air  as  an 
ideal  gas  Eq.  (1)  takes  the  form 


=  C  ( T 2  -  TO  -  To 
max  p 


ds 


(2) 


However,  from  the  relation 
Tds  =  dh  -  vdP 
Eq.  (2)  can  be  written  as*  .« 


wmov  =  C  ( T 2  -Tx)  -  .To 
max  p 


*  i 


f  dh  _  vdP  1 

J  T  -  'T  j 


or  after  integration,  and  the  fact  that 
RT  .  $ 


v  = 


•*;  * 


■X  ■ 
1 


wmaY  =  C  (T2  -  Tx)  -  To 
max  p 


-  CP ln fe) - R ln  (5t)  ]  <3) 
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's 


>.^.for,  air  :*  # 

“  r'~r*  *'  ‘  '  C  =  0.24  Btu/lbm-°R  '  ^ 

■  if  ■  ’  p  *  --  •  1  ‘sy 

•  *„■  t  •.  >U  f  -  :  :  r,,  H  ■  -f  r  •  ,  *  L 

V  ;i  *  *  -,.R  =  0.0686  Btu/lbm-°R  1  -  r 

i  /  j  ,  to  i  -f .  ,  -  *  '  ’ 

Substituting  the  numerical  values  into  Eq.  (3),  obtain 

wmax  =  ® ■  24 ( 60-120 >-520  0.24  In  (||§)  “  0.0686  In 

=  -14 . 4*-  520  [-0.0262  +  0.1104]  "  ”  . 

f  ]  ' 

=  -58.2  Btu/lbm”*  ^  w  '  ””  * 

Since  w  *  =  -58.2  Btu/lbm ...  or,  w.  >  58.2  Btu/lbm,  it  follows 

k  max  fc"  in  ■“ 

that  the  minimum  work..:input  is  58.2  Btu/lbm.  ..  *.• 


£  J  rd  ,  •  '«?>  ►  i 


•  PROBLEM  5-5 


Steam  initially  at  500°F,  100  psia  enters  a  steady-state, 
steady-flow  system  with  negligible  velocity.  It  leaves  the 
system  with  a  velocity  of  500  ft /sec,  at  a  mass  flow  rate 
of  8000  Ibm/hr.  If  the  conditions  at . the  exit  are  15  psia, 
240°F  and  heat  is  exchanged  only  with  the  surroundings  at 
60°F,  calculate  the  maximum  power  output. 


.Ki  Steam 
Pj  »  100  psia 
Tj  *  500  F 
V,  *  0 


Pa  «  15  psia 
-i*-  T3  «  240  F 
y  V2  =  500  tps 


Solution:  The  maximum  power  output  that  the  system  is  able 

to  perform  is  •  . 


P  =  mw  =-mw  (1) 

max  max  *  rev 

For  a' steady^state ,  steady-flow  system  exchanging  heat  only 
with  the  atmosphere,  the 1  reversible 'work  is 

^  .  r 

wrev  =  <hi -ToSi +'^-'+  gZiO  ( H2-T0s2  +  +  gZ2  )  (2) 

In  this  case,  changes  in  potential  energy  can  be  neglected 
as  well  as  the  initial  kinetic  energy  (since  Vi  s  0).  Then 
Eq.  (2 )  becomes 

W  1  wrev  (^-1  -ETosi)  -’(h2  + -,ToS2) 
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or*  '  ■'  •••*  1  ''MH-  •  -  ■'  " 

*¥*/*  ''*■%  V2  4-  " 

-  w  =•■  ( h  j  -  h 2 )  -  T0( sr’-  s 2 )  -  “Wb"  '  ( 

rev,  A  £  .  js7  ,  ,  *..  -f  g  .•  •  • 

^  !  .  ■  -}  ,  .  *  ,  ...  . 

From  the  steam  tables  then  at  st at es  1  and  2 
f  1  ' h !  =  1279.1  Btu/lbm 
h  2  =  1164.1  Btu/lbm 
Sl  =  1.7085  Btu/lbm-°R' “  * 
s2  =  1.7742  Btu/lbm-°R 

■Ij  . 

Substituting  these , values  into  Eq:r  (3),  r  .&  J  '  ? 

i?°  .  w  '  =  (1279.1  -1164.1)  T  520(1.7085  -  1.7742) 

rev  ■■  l 

...  *,  .  <•  (  500 ) 2  ^  : .  v  #.  ...  -  :  .  * 


..  50000  g.  T-  » -V  & 

.  * 


=  144.2  Btu/lbm 

*  .a1  v  *  ■  r  h1”  i 

Then  from  Eq.  (1)  ■■ 

•  "  -p  ‘  .‘8000044*21  ./  "  ‘  ' 

*  max  *  2545  ■>  ’V  ■  *  ■  5 

.  ,  .*  <  i  ■  '  v  =  §*  >  ’  ^ 

It  should  be  noted  that  an  actual^  machine  operating  at  these 
specified  end  conditions  will  produce  less  power  on  account 
of  irreversibilities .  Also  it  does  not  make  any  difference 
what  kind  of  mechanism  is  used  foi*  producing  this  much  power, 
because  this  power  output  cannot  be  exceeded. 

%•  '  ■■  •••  i  •  f  1  •  J  -  *  *  '•*  »  ■  ■:  :v  ' 

•  ••  ’  :<%  :i  .  lilt  .■+  -■  *S  ..  R.t  ■  *  • 


IRREVERSIBILITY 


•  PROBLEM  5-6 


Solution:  Consider  a  control  volume  around  the  exDansion 
valve.  This  is  a  throttling  process,  and  for  such  a  process 
both  the  work  and  heat  transfer  are  zero.  The  irrevers¬ 
ibility  for  such  a  process  (steady-state-steady-f low)  can  be 
found  using  the  equation 

I  =  m2T0s2  -  miT 0s x  ,  T0  =  298. 15K 


or 


sr 


(1) 


The  only  unknown  in  the  above  equation  is 'the  entropy1 at  the 
two  states,  and  can  be  obtained  using  the  given  information 
along  with  the  Freon-12  tables.  I.  ■  - 

State  1:  From  the  tables  it  is  easily  seen  that  this  state 
lies  in  the  compressed  region  (P  .  <  P  .  )  and 

thus  sat  given' 

Si  =  s,  =  0.2397  kJ/kg  K 

* 

State  2:  The  given  information  is  insufficient  to  obtain 
the  value  for  the  entropy  from  the  tables.  How¬ 
ever,  for  a  throttling  process  the  enthalpy  at  the 
the  entrance  and  exit  will  be  the  same.  Using 
this,  the  state  at  2  can  be  obtained.  From  the 
4v  Freon-12  tables 

...  »  vh2  •=  hi  =  h-***  64.539  kJ/kg.. 

I 

?  v  ' 

By  inspection  one  gets  that  state  two  lies  in  the  mixture 
region,  and  so  the  quality  must  be  calculated,  using  the 
equat ion 


h-  -  hf 

x  -  .  .... 

hfg 

where  . 

»  ^  *  ' 

hf  =  8,854  kJ/kg 

hfg  =  165.222  , kJ/kg 

Hence 

:  V 64. 539-8. 854'  _  Q  ' 

x  165.222  "  0.J47O 

Then  the  entropy  can  be  obtained  from 
s2  =  sf  +  XSfg 


where 


sf  =  0.0371  kJ/kg. K 

>  v 

sf  -  0.6795  kJ/kg  K 
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Hence  s2  =  0.0371  +  (0.3370X0.6795),  ) 

=  0.2661  kJ/kgK 

4 

Substituting  the  value  for  entropy  into  Eq.  (1), gives  the 
irreversibility  per  kg  of  Freon-12 


.  -  ; ,  .  <  ,  >  ■ 

I  =  To(S2-Si)  =  298.15(0.2661  -  0.2397) 
m  ^ 

' }t  :  =  ' 7. 8712  kJ/kg 


•  PROBLEM  5-7 


Air  at  14  psia  and  80°F. is  allowed  into  a  compressor  having 
an  efficiency  of  70  per  cent  and  a  pressure  ratio  of  3. 
Calculate  the  irreversibility  per  pound  of  air.  ■ 


Solution:  The  irreversibility  for.  the  process  is 

1  “  T»As}syst. 

'  .  * 

Since  the  inlet  temperature  of  air  is  not  given,  assume  the 
inlet  air  temperature  to  equal  the  temperature  of  the 
surrounding  atmosphere.  To  calculate  As,  the  end  states  of 
the  process  have  to  be  determined.  Since  the  process  is 
adiabatic,  the  final  state  can  be  calculated  from  the 
initial  state  and  the  work  done.  The  work  done  can  be 
obtained  from  the  compressor  efficiency  and  the  isentropic 
(ideal)  work.  The  ideal  work  can  be  obtained  by  using  the 
first  law.  The  change  in  temperature  here  is  very  small, 
hence  the  following  values  can  be  used. 

Cp  =  0.24Btu/lb-f  and  k  =  1.4 
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The  temperature  at  stage  2  is  then 

(¥)- 


t  i 


i. 


>>  =  0.24(739-540) 


=  (460  +  80)(3)  1'" 

* 

*  -  ^  f  . 

,  ..  r  =X540)(3)  0,286 
=  739  E 

Input  workj^  =  h2  -  bj 

.  (  =  C„(T2  -  Tx) 

4  7 

*  ''  t:  =  47.76  Btu/lbm  * 

r  . 

Input  work)  =  inPut  work)i 
/  a  - - - 


where  p  =  efficiency 
47.76 

-  0.7  /  , 

i  x 

-  68.2  Btu/lbm 

'  / 
h  '  -  h. 

tp  _  t  =  2  a  i 

2a  i  ;  r 


-r 


j  input  work. 


68.2 


0.24 

1  **0  >  =  284  R  ’ 


T,a  =  Tx  +  284 


i?  ^ 


1  \  I 


=  540  +  284 

t 

=  824  R 


v  c 
*1. 

2a 


r 


As  =  s 


2a 


*  ,2a  ,2a  ,2a 

i-V- f>-  f  -  '  ¥ 

*T  --  I'  .  1  ,  1 


t=  Cp  In -HI* I*. 


230 


In  3 


=  0.24  In 


824  53.3 


=  0.0262  Btu/lbm-°R 


i  -  T  o As 

*  a  ^  f  i- 

=  540  x  (0.0262)  ' 

=  14.15  Btu/lbm 

This  shows  that  when  68.2  B/lb  of  energy  is  added  to  the  air 
as  work,  14.15  B/lb  is  wasted  or  cannot  be  reconverted  to 
work.  For  the  reversible  process  47.76  B/lb  of  work  is 
required  and  the  entire  amount  can  be  reconverted  into  work 
by  reversing  the  process. 


•  PROBLEM  5-8 


A  0.1  m  diameter,  0.1  m  high  solid  copper  cylinder  is 
initially  at  180°C.  It  is  then  placed  in  a  room  and  is 
allowed  to  cool  to  a  final  temperature  of  30°C.  Assuming 
copper  to  have  a  density  of  8954  kJ/kg-°K,  calculate  the 
heat  transfer  and  the. irreversibility  of  the  process  if  the 
temperature  of  the  surroundings  (T0)  is  25°C.  j; 


Solution :  Consider  as  the  system,  the  copper  cylinder  alone 

After  a  period  of  time  the  cylinder  will  cool,  as  a  result 
of  heat  transfer  from  the  cylinder  to  the  surroundings. From 
the  first  law  of  thermodynamics  it  can  be  written 

Q  =  AU -  W . 

.  •  i  ;  * 

4 

Noting  that  there  is  no  work  involved  in  this  process,  the 
first  law  reduces  to  •  »  ;  j  *  F 

'  ‘  :  Q  "  A  U  •  ‘  \  '  (1) 

Assuming  constant  specific  heats,  and  noting  that  the 
internal  energy  is  not  a  function. of  volume,  we  can  write 

du  =  C  dT 

*  V  *" «  •  ■  •  •  X. 

and  for  a  specified  mass  m 

•  •  H  .  t  y  .  ,  , 

dU  =  mC  dT  (2) 

i  V 


Integrating  between  states  1  and  2 


AU  =  U2  -  Ui  =  mCv(T2  -  Tx) 


(3) 


where 


and 

£  • 

For  a  cylinder 

i. 

-  -•  s  su 


cy  =  0.4  kJ/kg-°K 


T2  =  30  +  273  =  303°K 
T  i  =  180  +  273  =  453°K 


m  =  pV 


V  = 


TTd2h 


Then 


tt(0.1)2(0.1) 

4 

=  7.85  x  10-4m3_ 

ji  -  • 

-  .  ■  ■<  * 


'  ‘  :  "  m  =  8954  (7.85  x  10  )  =  7.029  kg  '• 

,.J.  «j.  ;  ■  '  ;-v  •  *  '• 

substituting  the  numerical  values  into  Eq.  (3),  obtain 

»  >  '  ..  r 

AU  =  7.029  x  0.4  (303  -  453) 

=  -421.74  kJ 


:  ■*  L  .  «  -.O'. 

and  frormEq.  (1) 


*  \ 
1 


Q  s  AU  =  -421.74  kJ 


The  minus  sign  indicates  that  heat  was  lost  by  the  cylinder 
as  expected. 


The  irreversibility  for  any  process  is  given  as, 

I  =  rmeT0se  -  Em1T0s1  ♦  m2T0s2  -  -  Qc-V 

However  for  this  system 

t  * 

-  '  J  <  meTose  =  0  »  miTosi  =  0 

*  ft 

since  neither  mass  leaves  norenters  the  system. 
Therefore  Eq.  (4)  reduces  to 

I  =  mT o ( s 2  -  si)  —  Q 


(4) 


c.v. 


or 


i 


'  1  =  mT°*S)syst.  ”  Qc.v. 


(4a) 
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The  specific  enthalpies  however,  and  s l ,  cannot  be 
calculated  directly  or  obtained  from  any  table.  We  can 
however  write 


AS  =m[cvln(^j  f  R  In 


But  v2  =  v.i  and  Eq.  (5)  becomes 

AS=raCvl„(|i)  ‘ 


=  7.029  x  0.4  in  (HI) 


From  Eq,  (4a) 


=  -1.1307  kJ/°K 

I  =  298  (-1.1307)  -  (-421.74) 
=  '84.79  kJ  ■)«»  '  ■*.».  •  - 


(5) 


•  PROBLEM  5-9 


Consider  a  turbine  in  a  large  power  plant.  Steam  enters  at 
a  pressure  of  5  MPa  and  a  temperature  of  500°C.  Some  of  the 
steam  is  extracted  from  the  turbine  at  1  MPa  and  300°C  and 
rejected  into  a  high  pressure  heater.  At  another  stage  of 
the  turbine  some  more  steam  at  100  kPa  and  99.63°C  is 
extracted  and  rejected  into  a  low  pressure  heater.  The 
remaining  steam  leaves  the  turbine  at  5kPa  with  an  enthalpy 
of  2200  kj/kg.  Assuming  m2/mi  =  0113  and  m3/mi  =  0.1. 
compute  the  irreversibility  of  the  turbine. 


■jl'  .  1  *1;: 
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1 


Solution:  The  irreversibility  in  this  case  is  given  bv  the 
equation  ^  t  t 


where 


or 


I  »  Em  T  s  -  Em .  T  n  s .  -Q 

e  o  e  i  0  i  . v . 

T0  f=,  298 . 15°K  (  *  „ 


Q 


c .  v . 


=  0  (Assume  an  adiabatic  turbine) 


I  -  nuToSi,  +  m3T0S3  +  m2T0S2  -  n)iT0Si 


Dividing  by  the  mass  (mi)  entering  the  turbine,  the  above 
equation  takes  the  following  form 

_L  -  t  /m V  j.  m2r,  .  m2^  \ 

nii  \mi  nu,  mi  ,  / 

From  continuity 

m  4  =  m i— m2-m 3 . 

Dividing  by  mj  and  substituting  the  given  information 


(1) 


m4 


«  1  -  2*  - 


m3 


ft 


mi  mi  mi 

=  1-0.13-0.10 
■*  =  0.77 

■">  T  '  i 

>  .  .;  *  ’  •  ,T  ’ 


The  specific  entropies  at  the  different  states  must  next 
be  calculated.'  '  * 

t  ^  •  * 

State  1:  Si  =  6.9759  kJ/kg  K  (superheated  vapor) 

'  .S  .  .  * , 

State  2 : .  '  s 2  =  7.1229  kJ/kg  K  (superheated  vapor) 

*•1  »  i  •  -K  # 

State  3:  s3  =  s  =  7.3594  kJ/kg  K  (saturated  vapor) 

S  ” 

State  4:  The  enthalpy  given  for  this  pressure  (5  kpa)  lies 
in  the  mixture  region ,  and  so  the  entropy  must  lie  in  that 
region  as  well.  The  information  given  for  this  state  is 
insufficient  to  obtain  the  value  for  the  entropy  at  this 
state.  But  the  quality  x  can  be  calculated  using  the 
enthalpy  and  the  steam  tables. 


X  = 


/  ,  * 

V 


h-h 


fg 


where 


hf  =  137.82  kJ/kg 


h„  =  2,423.7  kJ/kg. 
ig  ^ 


23^ 


Thus  ■  rv?.  *  y-  ’*7  ’  4  • r  ' 

v  ’  2200  -  137.82,,  ,  '*  *  ...  ' 

x  "  2423.7 

•  i  *■  .  i  .  ’  +  *  f  *••'*  f  *  * 

=  0.8508 

Knowing  the  quality,  the  entropy  can  be  calculated. 

r  -  ?:/“  ft  +.XSfg  »:i  ■ 

where  & j  s^,  =  0.4764  kJ/kg  K  -  :  -  *  :  * 

s,  =  7.9187  kJ/kg  K 
>  fg  •  ‘ 

Thus  *•*■"■■*  '  ' "  "  '  ‘  '  *  '  *  ' 

s  4  =  0.4764  +  ( 0 . 8508 ) ( 7. 9187 ) 

,  f  ..  .  „  ,  l 

=f7. 2136 'kJ/kg  K 

*■>  ,  .  .  a*  -Jit*-  ,■'*  ^ 

Substituting  the  above  values  in  Eq.  ‘(D^the  irreversibility 
per  kg  of  steam  entering  the  turbine  is 

T  r  r  5  3  ^  .  .j,,-1-  ~  " 

—  =  298.15  (0.77)<7. 2136)  +  ( 0 . 10) ( 7. 3595)  + 

mi  L 


(0.13) (7. 1229)  -  6.9759 
=  298.15  (0.2405) 

=  71.70  kJ/kg 


] 


-i  ^  F  *i-  i- 


t  *  * 

•  PROBLEM  5-10 
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■Solution;  The  figure  suggests  that  the  process  can  be  '< 
broken  into  two  steps.  Process  1-2. is  a  constant  pressure 
process,  and  process  2-3  is  a  constant  entropy  process. 
Therefore  for  the  irreversibility  of  the  overall  process 


for  process  l-*2 


1 1  +  3  =  1 1  +  2  +  1 2  -*•  3 

•r  >  ■■■<*■$  ,  ,  ... 


^  1  -*•  2  ~  ToASj^.^2  -  Qx^.2 


(1) 


(2) 


and  for  process  2->-3,  which  is  a^reversible  process  as  stated 
by  the  problem 


1 2+  3  -  0 

substituting  Eqs.(2)  and  (3)  into  (1) 

<  ?IU.  *  .  ^  K  v  w  1  . . " 


\$.y 


The  change  in  entropy  for  process  l-*2  is 

>  :  *  'Vw  ■ 


ASi^2  ■  mCP ln  (It)  - mR.ln  (ft) 


But  P2  =  Pi  and  thus 


t  - 


.0  > 


ASi_*2  -  mC^  ln 


(3) 


(4) 


(5) 


Since  constant  heat  capacities  have  been  assumed  the 
relation 

-‘3  .  ’  :•  ,  r  * 


Y-  1 


&•  '  t  s  t 


T2  s  (Pi  fr- 
T3  ,i  vP3  } 


where  for  helium 


r  l 


‘  *  ■  .  Y  -  —  1.667  ' 

‘  t  3  t  t  f 

is  used  to  find  the  temperature  at  state  2. 

'  1  1.667-1 

T2  =  550 


1.667 


f 


\ 


V 


t  r  ■■  j  t  ,  r 


*  „  =  1382°R 

/  /‘  t  '  \ 

From  the  table  of  critical  constants,  for  helium  ‘ 

I  ' 

-  .  C  —  1.240  Btu/lbm-°R 
"  P  < 


Cv  =  0.7442  Btu/lbm-°R 
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£  ’Then' from  Eq.  (5) 


/ 1382  ) 
V  550  / 


ASx  +  2  “  O*03,^1*2,40  ln  V'55o" 

-*  =  0.03428  Bftu/°R  '  ' 

i  t?  ,  -  v  Vi-  *  *  :  -  ' 

■  V-  .  •  It  -■■■■  • 


The  only  unknown  in  Eq.  (4)  is  the  heat  transfer  Qi->2- 

t  v-  ,  ’  ’  *  V  *'  *  i:  - 

From  the.  first  law  of  thermodynamics  #  "  •  $ 

i  ...  ■  '  J  ■  v  V  ,  ,  •  .•  4  ?  '• 

>.?  n  -i  »*-  "* Ql->2  -s.'AUi+2.  +  W.1-V2  ‘  *  -i‘"  -  tr 

.«  :  .  “f  k 


•«  mCv(T2  -  fy)  +  P(V2  -  Vr) 


1 X  •<>»>*  v  §jti 


for  the  initial  volume 


r  (6) 


Vi  = 


mRTi 


'.-1 


0. 03( 386 ) ( 550) 
10(14. 7)(144) 


i? 


=  0.3010  ft3 


For ‘ V2 


■  >.(?;) 


=  0.3010 


f 1382  ^ 
\  550  /. 


.  «  0.7564  ft3  a  . 

*  ■  • 

Substituting  the  numerical  values  into  Eq.  (6) 

i  -  -!■  ■  -  „  >  'ifl 

:  '  •  •  '  :  Q i ^ 2  =  0.03  x  0.7442(1382-550) 

•  10(14. 7)(144)(0. 7564-0. 3010) 


778.2  ’*■ 


=  18.38  +  12.38 


=  30.96  Btu.t 


$■  ■  .jmit'y- 


f  i  ^f.! 

4 


Eq.  (2)  then  gives 


■***  4  ** 


1x^3  =  1200(0.03428)  -  30.96 


=  10.176  Btu 


•  PROBLEM  5-11 


Two  identical  blocks  of  aluminum  are  initially  at  1300°K  and 
400°K  resoectively .  The  two  blocks  are  then  brought  into 
thermal  communication  and  they  attain  the  same  temperature. 
Assuming  that  the  specific  heat  of  aluminum  is  0.9  kJ/kg-°K, 
calculate  the  irreversibility  of  the  process  if  the  mass  of 
each  of  the  blocks  is  5  kgs- 


Solution :  Let  A  represent  the  1300°K  block,  and  B  the  400°K 
block.  For  the  two  blocks  to  attain  the  same  final 
temperature,  when  the  two  blocks  are  brought  into  thermal 
communication  heat  is  going  to  be  rejected  from  the  hotter  to 
the  colder  block.  Furthermore  since  there  is  no  work 
involved  in  the  process, the  heat  rejected  by  the  higher 
temperature  block  is  going  to  be  received  by  the  lower 
temperature  block.  Hence 


qh  =  Ql  (1) 

Note  that  in  reality  some  of  the  heat  is  going  to  be  lost  to 
the  environment,  but  for  our  purposes  it  is  assumed  to  be 
negligible  compared  to  that  between  the  two  blocks. 

The  irreversibility  for  such  a  process  is  equal  to  the 
product  of  the  net  entropy  change  of  the  process  and  the 
temperature  of  the  surroundings.  Therefore  it  is  directly 
related  to  the  second  law  of  thermodynamics  and  we  can  write 

I  =  T„AS)net  (2) 


where 


AS)  =  AS.  +  AS_ 
net  A  B 

From  the  second  law  of  thermodynamics,  for  the  entropy  change 
of  a  substance,  following  the  ideal  gas  equation  of  state,  is 

As  -»[vn('ft)  -  Rln(lr)]  (3) 


However 


P2  =  Pi 


and  so  Eq.  (2)  reduces  to 

AS  -  mCp  In  (^) 

For  each  of  the  two  blocks 


asa 


mCp 
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and 


,  'SB  ’■ 

mC  In 
P 

(t  2  ) 

>  Br' 

-  ....  - 

into  Eq.  (2) 

r  '■ 

*  ->.i  . 

'**•*  1  • 

p  r- 

I  =  mCp  To  |l 

l0(TAl) 

+1  ln( 

£>] 

(5) 


where  Tq  is  the  temperature  of  the  environment ,  assumed  to  be 
298°K .  ” 

C *  ~  'h 


The  equilibrium  temperature  must  then  be  evaluated 

■  ?  .  1  i 

.  ...  ;  =  T  )  i 

„„  r  WB2  A2  ?  * 

'  r  *  * 

^  .  i 

>  "  *■  ■<"  <£•  W*»  ■  ■x 


Since  we  have  assumed  constant  specific  heats  it  can  be 
written  for  this  process  *  '  t  . 

Q  —  mC^  ( T  2  -  T * ) 


(6) 


•r 4 


Substituting  Eq.  (6)  into  Eq.  (1)  yields 


(t'V  ' 

or  solving  for  T2 


mC  (T.  -  T  )  =  mC  (T  -  T  )  i 

P  Ai  ,  2  P  If  2  » 1 


T,  = 


T  +  T:  r 

Ai.  lBi 
2  « 

A'  • 

1300  +  400 

■=■  2  $  i  ’  ^  T  v- 


?  : « 


=  850°K 


■  '  .  ■ 

‘n  4  :  ■"  t 


i!:'  '  -*■ 


Finally  substituting  all  the  numerical  values  into:  Eq.  (5), 
obtain  ‘  *  -  'a  ‘  r  *  ‘  i 

*  -r  ■  I  J..  *ij:-  ■  *.  .  < 


•  r 


=  5  x  0.9  x  298[ln(^)  +  ln(|§§)] 

=  1 341  ( 0 .-3289 )  s  y-  .is  .t  **  ,  t',:  ■& :  •(  ■  ■#. 

=  441.1  kJ  M  A 
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•  PROBLEM  5-12 


Saturated  vapor  steam  at  100  kPa  is  mixed  with  a  stream  of 
water  at  15°C,  in  a  steady-flow  mixing  process.  The  result 
is  a  hot  water  supply  of  3.5  kg/sec  at  90°C.  Assuming  the 
process  to  be  adiabatic  calculate  the  irreversibility  rate 
of  the  mixing  process.  , 


steam  (!) 


Solution :  Let  the  subscripts  e ,  i ,  and  o  stand  for  the  exit , 

inlet,  and  surrounding  states,  respectively.  For  the  steady- 
state,  steady-flow  process  the  irreversibility  is  given  as 

i  =  T  o  ]"Zm  s  :-  Hh,  s .  1  -  Q  ’  :  ( 1 ) 

'  ■  [  *e  e  i  lj  c.v. 

However  this  process  is  adiabatic  and  therefore  % 


Qf  =  0 

^c . v .  i 


Then  Eq.  Cl)  reduces  to 

* 

I  =  T  o  F  Em  S  .  -  Sift 


L 


e  e 


Referring  to  the  figure 


(2) 


I  =  To(iii3S3  -  miSi  -  ri)2S2>  (3) 

M  f  .  f  »  x  r  f  I 

To  solve  Eq.’(3)  the  mass  flow  rates  must  first  be  obtained. 
Noting  that  there  is  no  work  done  on  or  by  the  system,  from 
the  first  law 

■  J*  m  \  I 

'  „  ift3h3  =-mihi.f  +  m2h2  "  (4) 

From  the  conservation  of  mass  equation  ...  - 

ra3  =  mi  +  m2  '  f  •  '  (5) 
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From  the' steam  tables,  the  enthalpies  at  the  three  [stages 
are  found  to  be 


h,  =  h  =  2675.5  kJ/kg 
1  g 

h2  =  hf  =  62.99  kJ/kg  t 


(at  P  =  100  kPa) 
(at  T  =  15°C) 


h3  *  hf  =  376.92  kJ/kg 


(at  T  =  90° C ) 

ik*. 

M  ,  rf*'  .  '  *•  P  < 

If  '  V' 

Substituting  these  values  into  Eq. „( 4) obtain 
( 376. 92)m3  =  (2675.5)*!  +  (62.99)m2 

From  Eq.  (5),  noting  that  m3  =  3.5  kg/sec 

-  -  .  s>> 

■‘■■■a  m2  =  3.5  -  mi  ^ 

\ 

Substituting  this  expression  into  Eq.  (6), 

^  ^ 

(376.92X3.5)  =  (2675. 5)*i  +  (62.99)(3.5  -  ) 

solving  for  yields 

( 2612.51 )mi .  =  1098.76 

i.  r.S 

<  . 

or  -  \  /  \v 

nu  =  0.421  kg/sec 

1 

From  Eq.  (7),  then 

...  ..iW  *.  «r  m»»< 

fh2  ~  3.079  kg/sec 


(6) 


(7) 


From  the  steam  tables,  at  the  different  stages 

s  =  s  =  7.3594  kJ/kg-°K  *  (at  P  =  lOOkPa) 

.  .  ‘  g  v  ■■  •  •;  v-  *  v- 

s2  =  sf  =  0.2245  kJ/kg-°K  (at  T  =  15°C) 

-i| 

s3  =  sf  *  1.1925  kJ/kg-°K  (at  T  =  90°C) 

Assuming  the  surroundings  to  be  at  '25°C  or  s/:  *  '' 

/  T0  =  25°C,=  298°K 

from  Eq.  (3),  *  .  r  ,  •  =•••*■  .  ’  f. 

I  =  298  [(3.5X1.1925)  ~  (0.421X7.3594)  -  (3.079X0.2245) 

L  r 

=  298(0.384)  ..  ri  '  k  * 


=  114.5  kW 
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•  PROBLEM  5-13 


An  evacuated  and  insulated  container  with  a  volume  of  0.5m3 
is  attached  through  k  valve  to  a  line  carrying  steam  at 
1.2  MPa,  350°C.  The  valve  is  then  opened  in  order  to  fill 
the  container  with  steam,  and  when  the  pressure  inside  the 
container  reaches  1.2  MPa  the  valve  closes.  Calculate  the 
mass  entering  the  container  and  the' irreversibility 
associated  with  this  process. 


(  Hi/ 


..  line 

!  . 

T  =  350°C 
P  =  1 . 2MPa 


Solution:  Irreversibility 'is  called  the  difference 'between 

the  reversible  work  Wrev,  and  that  done  by  the  control 

volume,  or  actual  work  associated  with  irreversible  processes. 
Hence 

CV^it  ■!  V  t)  "V  *‘W.  •  ...  *  t 

I  =  W  -  W 

rev  c. v. 

i  i'  ni#  *  T  :i  -  '-.',4V  -  "  ”  :  s  - 

For  the  process  involved,  however,  there  is  no  work  done  on 
or  by  the  control  .volume;  hence  ^  ..  *  ,  a 

<■  *  ■  rev  •  *  ' x  J 

Noting  that  the  cylinder  is  insulated  Q  —  0  and' neglecting 
potential  and  kinetic  energies,  we  can  write  for  If  > 

*  i*  J  l  j  -  '  ■  T  ;  rev  .  - 


=  ^[hi-T.Sj]  -  Eme[he-T.se]: 

-jmaCuz-ToSil-mjCUi-ToS!)! 
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However  the  following  conditions  hold.  Initially  the 
container  is  evacuated  and  so 

,  n  ti.  . , ;  1 

m !  =  0 

Also  no  mass  is  leaving  the  container,  and  thus 

m  =  0 
e 

Then  it  follows  that  the  mass  finally  inside  the  container 
must  be  equal  to  that  entering.  Hence 

.-A.- 

m.  =  m2  “  m 
i 


Therefore  Eq.  (1)  reduces  to 


W  =  m 
rev 


j(hi  -  u2)  -  T0(si  -«s2)J  > 


From  the  first  law,  written  for  this  process 


.  m.h.  -  m  h  -  m2U2  ~  i^iUi  . 
i  i  e  e 

or  because  of  the  previous  conditions 

'  >£,  •  t 

hi  =  U2 

'  *  f  ¥•  -  iUi 

substituting  for  U2  into  Eq.  (3),  obtain 


f-a  » 


Then  from  Eq.  <1) 


W  =mTo(S2-s.) 

rev  i 

I'  fr 


I  =  mTo(s2  -  s.  ) 


From  the  steam  tables  for  the  steam  in  the  line  at 
P  =  1 . 2MPa ,  T  =  350°C 

u 2  =  h^  =3153.6  kJ/kg 
Sj^  =  7.2121  kJ/kg-°K 

At  state  2  we  know 

P  =  1 . 2MPa ,  u 2  =  3153.6  kJ/kg 


.1  >,i 


From  the  steam  tables  then  (by  interpolation) 

r- 

v 2  =  0. 3016  m3 /kg 
s 2  =  7.7236  kJ/kg-°K 

y 

Then  for  the  mass  finally  inside  the  container 


(3) 


(4) 


">*  ■  “  ■  £  =  <T5§I65=  1’658  kg 


243 


For  the  irreversibility,  from'  Eq.  (4)^ 

I  =  1.658x298(7.7236-7.2121) 
=  258.72  kJ 


►  *  ‘U  •  t 


AVAILABILITY 


•  PROBLEM  5-14 


A  container  contains  compressed  air  at  620  kPa,  27°C. 

If  atmospheric  conditions  are  103. kPa  and  27°C  calculate 
the  work  potential  per  kg  of  air. 


Solution :  The  availability  for  a  system  neglecting  kinetic 

and  potential  energies  is 

A . E.  *  (W  )  -  W 

rev  max  surr. 

=  Oh  +  P.Vi  -  T.S,)-  (U.  +  P0V„  -  T0S„> 

■  <°>  -  V  +  p.<S V-T*‘8*'-  SJ 

*.  '  .’i 

However  Ui  =  and  hence 

A.E.  =  P o ( V i  -  V  )  -  To ( S l  -  S  )  (I! 


Assuming  air  to  behave  ideally 

V  1  21 

v  p 


Pi 

AS  =  R  In  ~  (for  this  case) 
P  o 

*  v. 

Substituting  into  Eq.  (1)  and  rearranging 
A.E.  =  p7RT;(i-i  )+  T'oRIn 

=  RT.(£j.-  l)  +  RT.ln(5j) 


for  air 


R  =  0.287  kJ/kg-°K 
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Therefore  from  Eq.  (2) 

*  <  ■  - 

A.E.  =  0.287(300)(|||  -  l) 

if 

'  t 

* 

+  0.287(300)  In ,(!§§) 

=  82.75  kJ/kg  > 

i 

ir 

1; 

•  PROBLEM  5-15 

Determine  the  available  energy  that  can  be  associated  with  a 
10  m3  perfect  vacuum  and  its  surroundings  at  a  pressure  of 
0.100  MPa  and  at  a  temperature  of  300K. 


Solution :  The  Equation  of  availability  for  any  system  is 
given  as 

<f>  =  (u  +  Pov  -  T0  s)  -  (u0  +  Pov0  -  T0  s0  )  (1) 

=  (u-u0)  +  PoCv-Vq)  -  T0(s-s0) 

^  S-  -{>1 

For  a  perfect  vacuum 

m  =  0,  ( u— u  o )  =  0,  (s-Sp)  =  0,  v0  =  o’ 

so  the  only  terms  left  for  the  computation  of  the  available 
energy  are  the  initial  pressure  (or  pressure  of  the 
surroundings),  and  the  volume  that  this  vacuum  takes  in  space. 

With  these  in  mind  get 

4>  =  P  o  v ;  •  •  -  !.*■ 

1  K;  ■ 

=  (0.10)  x  (10)  X  106  N-m 
=  1,000  kJ 


•  PROBLEM  5-16 

In  a  particular  flow  system  1  lbm  of  saturated  water  at 
400°F  is  heated  at  constant  pressure  until  it  is  saturated 
vapor.  If  the  reservoir  temperature  is  40°F,  calculate  the 
availability  of  the  heat  transferred  to  the  water.'  Assume 
the  process  to  be  reversible  and  the  heat  of  vaporisation  at 
400°F  to  be  826.0  Btu/lbm. 
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/ 


*  k  s 

Solution:  In  a  constant  pressure  process;  the  work' is  zero, 

and  the  reversible  heat  ’  ^  „ 

Qrev  -  =  the  heat  of  vaporisation. 

*  .. 

This  process  is  reversible, Jandf so  * 


Q 


rev 


Tds 


The  entropy  change  is 


AS  =  !^SV  . 

ta  ta 

>  •  ’  .V  "•  •**  •  ,*  r  .**■“  ' 

The  availability  of  heat  is  obtained  by 

• 


or 


f  S2 

A.E.  = 

Js.i 


Tds  -  T0 As 


x  \  ■*  <. 


A-E-..r  hfgr  rK  hfg 


-  <  ,  v-  '  •_ 

=  (1  -  h 


fg 


Using  the  given' values  of  T./t0  ,and  h  ,  (Note:  40F =  500R] , 


lA’  “fg 

500)826  * 


A*E*  -Z1;  "  960 
=  396  Btu 


The  amount  of  heat  now  available  for  conversion  to  work  in 
reference  to  the  reservoir  at  40°F  is  396  Btu. 

‘  t 


•  PROBLEM  5-17 


«  ’•<  I  * 

An  automobile  battery  is  able  to  deliver  5.2  MJ  of  electrical 
energy  to. start  a  car.  Suppose  compressed  air  at  7MPa,  25°C 
were  to  be  used  for  doing  the  same  work.  'What  will  be 

thek volume  of j: the  tank  required  in  order  for  the  compressed 
air  to  have  an  availability  of  5.2..MJ?  - 
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Solution:  The  availability  of  air  ,at  7  MPa,  25°C  is  given 

by 

/  .•  i  'f 

<p  -  (  u— u  o )  -  T0  ( s-s  o  )  +  P0<v-V0) 

1  -  ’1 

where  ™ 


i  * 


_  0.287  X  298.15 

7000  Tf])  ■  ■  <  t r  ^  ,  t 

=  0.01222  m3 /kg 


0.287  x  298.15 
100 

=  0.8557  m3/kg. 


/.  <p  =  0  -  298.15^0  -  0.287  ■ 

+  100  (0.01222  -  0.8557)  p  ■ 

■  ■*.  M  *  :  &  :  *  '  ;  ,  'f' 

=  279.2  kJ/kg 

i*  '  ■ 

For  an  availability  of  5.2  MJ,  the  mass  of  air  required  is 


5.2MJ  _  5200kJ 

<J>  279 . 2kJ /kg 


=  18.625  kg 

The  volume  of  the  tank  then  is, 


,  '  . .  t .  ■  ,  -cf,. 


V  =  mv 


=  18.625  (0.01222) 


* 1  *  •  “I- 


=  0.2276  m3. 


•  PROBLEM  5-18 


Calculate  the  specific  availability  function  0  for  steam  at  a 
pressure  of  100  lb/in2  and  a  temperature  of  1000°F  in  an 
environment  of  pressure  14.7  lb/in2  and  a  temperature  of  60°F. 
Also  calculate  the  specific  availability  of  steam  in  a  process 
having  the  same  initial  state  as  given  above  and  whose  final 
state  is  at  a  pressure  of  40  lb/in2  and  a  temperature  of 
500°F. 


Solution:**  F6r  P  =  100  lb/in2’  "and  *  ' 

T  =  1000°F, 

<1  "m-  ■  ^  -  • 

from  the  steam  tables; 

v  =  8.656  ft3/lbm 
h  =  1530.8  Btu/lbm 

:  t:  ‘  *  * 

s  =  1.9193  Btu/lbm-°R 
Using  the  equation:  '  *  - 

u  =  h  -  Pv  t 

obtain 


u  =  1530.8  -  100  x  144  x  8.656  x  ^  (f t  Ib/Btu) 

=  1370.6 


and  0  =  u  +  Pov  -  Tos 


•I  -  3  >>  = 


"  1370 • 6  TBS  i4«  TT*  8-856  IBS  *  778  "ft  lb/Btu 


-  520°R x  1.9193 

•  O'  1  '  <'4.  '  '  t  •  t  '■  J 

=  396.2 


lbm°R  : 


/■ ’  t  .1 


.*.  The  specif  ic '  availability  function  0  =  396.2 


For  the  final  state;  i.e.  at  P  =  40  lb/in: 


T  =  500°F , 


from  the  steam  tables, 


u  2  =  14.168 


ft  3 


h  2  =  1284.8 


o  ’S!  .?  1-8'140  JBS»r  •. 

.iif  *  V  •  -  -  ■  ■ 

from  which  u2  =,  1179 . 9  sBtu/lbm.-  * 

'  ■  '  S  7 1  ..  ’  ■  ■  I.  •  .  - 

Using  the. same ^procedure  ;  . w  ^  >  * 

.  j  ’  *  >.  .!  f  C 

({>2  =  275.2 
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The  specific  availability  of  any  process  is 

#  ■  : 

A<})  =  -  <p2 

-  „  >j-  ,  r  '  ■  J 

=  (396.2  -  275.2) 


;  >V21-0^ 

>  7 

which  means  that  for  one  pound  mass  of  steam  the  maximum 
useful  work  for  any  process  between  these  end  states  is 
121.0  Btu.  '  .■.-.v 

••  *!•  cm  <  ^  r  * 

.  0  i . .  /  "  .  - 


•  PROBLEM  5-19 


l 

A  turbine  takes  in  air  at  825K,  690  kPa  and  expands  it  to 
138  kPa  and  585K.  Assuming  air  to  be  an  ideal  gas, 
calculate 

a)  the  available  energy  of  the  air  taken  in  , 

b) .  the 'loss  of  available  energy  jin  the  turbine, and 

c)  To,  the  isentropic  exit  temperature,  or,  the  lowest 

available  temperature.  i! 


Solution:  a)  The  available  energy  of  the  air  taken  in  can 

be  obtained  from  the  equation  T  • 

1  * 

*  (A.E.  )  XJ  0  =  hi  -  h  o’  ’ 


hj-h  o  =  Cp(Ti  -  T0 ) 


(k-i) 


=  (^1 

k  ^  ^ 

-■  -p 

*  3 

/1 3  8  \ 

=  825 

(690/ 

=  520. 

tfi 

9  K 

Therefore 


(AJE.)1J0  =  1.0046(825  -  520.9) 


=  305 . 5 ' k J /kg 
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b)  The  loss  of  available  energy  in  the' turbine  can  be 
obtained  from  the  equation 


.  (  A .  E .  ) . 

'  '  (  loss 

Tq(So  -  S2) 

■ 

-T0(s2  -  s0 ) 

l  •  & 

t  r 

f  • 

( S  2  -  s  0 )  = 

CP  ln  (It) 

•  r-  .  ,  *  i  t  ■» 

■<*  .* 

■Jt  V  . 

»*•  a#'  .  J1'  _ ___ 

1  • 0046  ln  (520?. 

S  2  —  S  0  — 

0.1160  kJ/kg-K 

(A.E.)loss  =  >(520.9X0.1160) 


=  -60.4  kJ/kg 

t*  h  r 

^  ■  >-  i.  + 

c)  From  equation  (1)  the  lowest  available  temperature  is 
520. 9K.”  •  ^  ^ 

*  *  *  *  -  T  t  ’  *6  ^  ^ 

T  ^  -U  V  J  J  +■  T  r  * .  *.  ^  k  ' 


i  i:  ..  s  <1  '  r  m  i  rJ  «.  :;i! 

h-  •*.  i  ,  v,  .  *  •PROBLEM  5-20 


A  chamber  is  divided' into  two  equal  compartments  each  holding 
100  lbm  of  water  at  a  pressure  of  25  psia,  and  at 
temperatures  of  140®?  and  240°F  respectively.  Heat  is  then 
transferred  between  the  two  compartments  until  their 
temperature  equalizes.  If  the  lowest  available  sink  ^ 
temperature  ( refrigerator )  is  40°F,  and  water  is  assumed  to 
have  a  constant  specific  heat  of  1.0  Btu/lb-°F,  calculate 
the  decrease  in  available  energy  associated  with  the  process. 


(  t'  y  >  •<*. - 

<  Y  .• 


^  ,  Jj 

A 

B  “  *  “ 

H20 

H20 

14CTF 

^240°F 

Solution :  When  heat  transfer  is  involved  between  two  systems, 

when  a  temperature  equalization  process  occurs,  the  heat 
rejected  by  the  hot  reservoir  ,is  equal  to  the  heat  received 
by  the  cold  reservoir.  ' "  "  '  ■ '* 
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Therefore 


me  AT,  ,  .  =  me  AT- 
p  high  p  low 

However  the  masses  are  equal,  and  since  water  is  present  in 
both  compartments,  the  specific  heats  are  the  same  and  so 

tb  -  t2  =  t2  -  ta  , 

where  T2  is  the  equalization  temperature,  and  is  the  same  for 
compartments  A  and  B. 


The  change  in  unavailable  energy  for  the  high  temperature 
medium  (compartment  B)  is,  >■  7‘ 


U.E. 


“  tlasb 


.  ft 


=  me  T_ 
P  L 


dT 

T 


(2) 


or 


U.E. 


B 


-  me  Tt  In  4^- 


'P  L 


B 


»  100(1X500)  In  (f§§) 


=  -3705  Btu 


4 


The  change  in  unavailable  energy  for  the  low  temperature 
medium  (compartment  A)  is, 


U.E. 


=  me  T_  In 
P  L 


•  =  100(1X500)  In  (§§§)  r 
=  4000  Btu. 


solving  for  T2 , 


T,  = 


T  +  T 
B  A 


240  +  140 


=  190°F  =  650°R 


251 


The  available  energy  is  defined  as 


where  * 


*•  ->•*• 

* 


A..E.;>'Q  -  U.E.  r,.v 


*<■  *i.  .  S--  va ..£» 

*  i  * 


(l) 


Q  =  heat  transfer  for  the  system 
U.E.  =  unavailable  energy  * 


-JV  J 


ft 


tv-  .  IS,  '  (.  • 


A  .  Itf  * 


The  heat  transferred  is 


Q.  =  Q  r 1  =: me  (T„  -  T, ) 
in  out  p  B  2  t  ’  +-•  -v  .  t 

=  ( 100)(1.)  (.700  -  650  X 


=  5000  Btu 


From  Eq.  (1)  for  compartment  A 


A.E. 


=  5000  -  4000  =  +1000  Btu  ; 

A  *  « 


and  for  compartment  B 

>  ■  -a :  •  •  1 ;  i 


A.E. 


=  -5000  -  (-3705)  =  -1295  Btu 

B  '  ’* 


The  energy  and  entropy  values  are  summarized  in’  the  following1 
table.  ,  . 


al-  i  (i  ‘ 


Medium 

Q 

U.E 

A.E 

AS 

Hot . .  j . 

-5000 

—3705 

-1295 
+  1000 

-7.41 

+8.00 

Cold . 

+5000 

+4000 

Mixture. . . 

0 

+205 

.. 

-295 

+0.59 

^  „r« 

4ditV 

* 

" 

No  heat  is  added  or  rejected  from  the  mixture  as  a  whole,  but 
the  heat  transfer  between  the  two  compartments  increased  the 
unavailable  energy  of  the  mixture  at  the  expense  of  the 
available  energy  oi  the  constituents. 
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•  PROBLEM  5-21 


In  a  Babcock  and  Wilcox  boiler,  water  evaporates  at  a 
constant  temperature  of  400°F.  Hot  gases  from  a  fire 
having  a  specific  heat  of  0.24  Btu/lbm°F  and  a  temperature 
of  2000°F  transfer  heat  to  the  boiler.  The  final  temperature 
of  the  gases  is  1000°F.  On  the  basis  of  a  pound  of  water 
evaporated,  calculate  the  increase  in  entropy  of  the  combined 
system.  Take  the  latent  heat  of  water, *to  be  826.0  Btu/lbm. 

b)  If  the  temperature  of  the  surroundings  is  80°F  calculate 
the  increase  in  unavailable  energy  due  to  this  irreversible 
heat  transfer. 


Solution:  a)  The  entropy  change  of  the  combined  system  of  gas 
and  water,  is  the  entropy  change  of  the  parts  of  the  system 
which  can  be  found  by  assuming  in  each  case  a  reversible 
process  between  the  actual  end  states  of  the  individual 
systems . 


Since  the  temperature  of  water  is  constant,  the  entropy  change 


As  -  2  -  Iff  =  0.965  Btu/°R 


For  the  gas,  per  pound  of  water  evaporated  Q  -  -826  Btu. 


As 


■I  ? - 


P  T 


=  mcpCln  T2  -  In  Ti ) 


-  Tm—  (In  T 2  -  In  Ti) 
g  " 

=  0.826  (In  1460  -  In  1260) 
=  -0.431  Btu /R 


The  total  change  is  As  = 


As  +  As 
w  • 


-  0.965  -  0.431 


=  0.534  Btu/R. 
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The  two  assumed  reversible  processes  are  shown  in  the  T-S 
diagram.  In  this  figure  the  gas  is  cooled  from  D  to  C  by 
transferring  heat  to  the  evaporating  water,  which  changes 
from  a  to  b.  Next  consider  the  heat  from  the  gas  to  be 
transferred  reversibly  to  a  reversible  heat  engine.  The  heat 
engine  will  receive  the  heat  along  the  path  C-D.  This  is 
because  the  reversible  <heat  transfer  requires  zero 
temperature  difference  as  each  increment  of  heat  is  transfer¬ 
red.  In  the  figure,  the  heat  engine  will  reject  at  T0  a 
heat  quantity  ToAs^p  or  -TAs  .  The  increase  in  unavailable 


energy  due  to  this  transfer  of  heat  from  gas  to  water  is 
ToAsw  -  ( -T  o ASg )  =  Tq As 

t'  -•  "  ‘ 

where  As  is  for  the  combined  system' as  shown  in  part  a). 

t •  ■;  ’  ft'*  * 


T0As  =  540  (0.534) 

„  ■=  289  Btu 

Q  -  T0Asg  =  826  ,r  540  (0.431)  =  594  Btu 


Therefore  due  to  the  irreversible  transfer  of  heat  there  is 
a  loss  of 


289 
594  * 


x  100 


=  49%  of  the  available  energy. 
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•  PROBLEM  5-22 


Superheated  steam  enters  an  adiabatic  turbine  at  400  lbf/in2, 
600°F  and  leaves  at  a  pressure  of  i;50  lbf/in2  and  a  quality  of 
99.5%.  If  the  temperature  of  the ^surroundings  (To)  is  60°F, 
calculate  the  turbine  efficiency,  effectiveness,  and  loss  of 
available  energy.  u  '  * 


Solution:  The  efficiency  of  the  turbine  is  defined  as 


where 


wideal 


w  ,  -  w 
act  12a 


w .  ,  ,  =  w 

ideal  121 


From  the  steam  tables,  at  the  entrance  of  the  turbine 


P1  =  400  lbf/in 


,TX  =  !600°F 


hx  =  1306.9  Btu/lbm  $<  ..^Sj  =  ;,1.5894  Btu/lbm-°R 
At  the  exit,  from  the  Mollier  chart  ^ 

P2  =  50  lbf/in2  ..  f  x  =  6.995 

h2  =  1169.5  Btu/lbm,  ^  ^2  =  il.6522  Btu/lbm-°R 

•i.i  -#f'x 

For  the  isentropic  expansion  (ideal  case)  from  the  Mollier 
diagram  *  ■  ' 

P2i  =  50  lbf/in2  x  =  0.995  ’ 


h2i  =  1122  Btu/lbm  s2i  =  sx  =  1.5894  Btu/lbm-°R 


With  these  values  and  Q  =  0 


w, „  =  h i  -  h2 

12a  1  2 


X  ,  I 

ft  *  . 


=  1306.9  -  1169.5  =  137.4  Btu/lbm 


Wi2=h1-h2jL  •' 


=  1306.9-1122  •  f  * ' 


184.9  Btu/lbm. 


Then  from  Eq.  (1) 


.  ,'VTlfft4:=;°-7?5  V74-,** 


The  effectiveness  of  a  turbine  is  defined  as  the  ratio  of  the 
actual  work  over  the  specific  availability  .function 


*>•  ‘  ti  -  i*  T 


The  availability  function  is 


where 


=  g 2a  - 


g  =  h  -  T0s  “  Gibbs  function 


Si  —  ti  T qS ^ 

=  1306.9  -  (520) (1.5894) 


■# 


.  .  480.4  Btu/lbm  - 


g,  =  h  -  T  s, 
2a  2a  02a 


From  Eq.  (3) 


=  1169.5  -  (520) (1.6522) 


i-  j  ■  * 


=  310.4  Btu/lbm 


l-r  ,  — 


=  310.4  -  480.4  =  -170  Btu/lbm  t 


*  4 ku  Ji 

From  Eq.  (2) 


£  =  =  °-81  *  81% 


tl  c  ;;  K  f? 


■‘Vi  T  * 


The  loss  of  available  energy  is  defined  as 

A( A . E  ,  )  —  w  +  6 
12a 

=  137.4  -  .170 


=  -32.6  Btu/lbm 


•  PROBLEM  5-23 


A  piston-cylinder  device  has  an  initial  contained  volume 
of  0.1  ft3  and  contains  steam  at  ^an  initial  state  of 
160  psia,  500°F.  The  steam  is  then  expanded  to  20  psia, 
and  as  a  result  of  this  process  0.50  Btu  of  heat  is 
transferred  to  the  system.  Assuming  atmospheric  conditions 
to  be  14.7  psia,  80°F  calculate  j 

(a)  the  actual  useful  work  done  by  the  system,  and 

(b)  the  change  in  availability  during  the  process. 


Solution:  (a)  Actual  useful  work  i’is  called  the  difference 
between  the  total  work  that  the  system  is  capable  of  doing 
and  the  work  done  in  moving  the  piston  against  the 
atmosphere  or  the  PdV  work.  Hende 

S  '  *  ■■■'• 

w  =  w+  .  w  .  (l) 

use  ;  tot  :i  atm 


From  the  conservation  of  energy^ equation 

wtot =  ra(u* ! r  * Q 

and  for  the  boundary  work  ?  ’  |  -  * 

».*»  “  -MY.  -  V 


where 


.  P0  =  14.7  psia 


Substituting  Eq.  (2)  and  (3)  into^  Eq.  (1),  obtain 
W  =  m<U2  -  “!>..-  Q  +  P0<V2  -  Vj) 

+  Hot: 


From  the  steam  tables  at  500°F  and  160  psia 

ux  =  1171.2  Btu/lbm 


Vi  •»  3.44  If  t 3  /lbm 

’  1  ,  Si  =  T .  651/8  Btu / lbm-°R 

5 

'  •••  :  i  ij-  !!  . 

i 

The  mass  of  the  system  is  then  , 

m  ■  h  -  -  -0-0291  lbm 
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or  on  a  per  mass  basis 

<j>  —  m(  u2  ~  u  i )  +  P0CV2  ~  V  j  )  —  roT  0  (  s  2  ~  Si ) 

=  -1.82  +  1.50  -  0.0291(540)(1. 7805  -  1.6518) 

’  =  -2.34  Btu .  *  "4  w  v 

The  availability  is  also  known  as  the  maximum  useful  work. 
For  this  process  the  actual  useful  work  is  approximately 
35%  of  the  maximum  useful  work. 


•  PROBLEM  5-24 

A  cylinder  contains  10  lbm  of  water  at  240°F.  Ten  more  lbm 
of  water  at  140°F  are  mixed  with  the  previous  ten  inside 
the  cylinder  at  a  constant  pressure  of  30  lbf/in2.  Assuming 
a  reference  temperature  of  40°F  and  a  constant  pressure 
specific  heat  of  1.0  Btu/lbm-°F,  determine  the  change  in 
available  and  unavailable  energies  when  the  temperatures  are 
equalized.  M  .  *  f 


cold 

water 


:  V  * 

+QU 


+AS 


-Q, 


-AS 


reference 

temperature 

f  *  . 


K 


FIG.  Change  in  entropy  when  hot  water  is 
mixed  with  cold  water. 

**  fc  «'  '  S  ' 

*' 

Solution:  The  final  temperature  Tp,  must  be  determined  first, 

Noting  that  whatever  heat  was  lost  by  the  higher  temperature 
water,  was  added  to  the  lower  temperature  water 

Qin  =  Qout 

or  since  both  masses  are  fthe  same  * 


t 


or  solving  for  T 


T  -  T  =  T  ,;  -  T 
aA  F  F  B 

I  V  j!  ^  ... 


T  +  T 

T  -  ,/b 

1 F  "  1 2 


U  *  = 


240  +  140 


J+*£  =  190°F  =  650°R 


For  the  hot  water 

t ,  i 


Q  =  me  *(T  2  -  T i ) 

=  10(1) (650  -  700) 
®  -500  Btu 

i  -  '  .  .  :i:,T  •  •«.  i! 

'T 


AS  -  me  4  In 

*■  P 


m 


i « 
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=  102  -  130 


=  -28  Btu  (decrease) 

The  total  change  in  the  unavailable  energy  is 

i(U.E.)Tot  -  MU.E.)cold  +  MU.E.)hot 

=  398  -  370 
=  28  Btu  (increase) 

The  change  in  entropy  of  the  two  quantities  is  shown  in  the 
figure,  and  the  net  change  in  entropy  is  found  to  be 
0.055  Btu/°R. 


•  PROBLEM  5-25 


Hot  gases  with  a  mean  specific  heat  of  0.26  Btu/lbm-°F  leave 
a  gas  turbine  at  1200°F  and  are  used  to  heat  water  in  a 
constant  pressure  heater.  Water  enters  the  heater  at  200°F 
and  its  temperature  rises  as  a  result  of  heat  transfer  with 
the  gases.  At  the  exit  of  the  heater  the  temperature  and 
mass  flowrate  of  the  gases  are  measured  to  be  300°F  and 
200,000  lbm/hr  respectively,  and  the  mass  flowrate  of  water 
is  measured  to  be  250,000  lbm/hr.  Assuming  the  lowest 
available  sink  temperature  to  be  1006F  and  water  to  have  a 
mean  specific  heat  of  1.02  Btu/lbm-°F  determine  the  available 
and  unavailable  energies  for  the  process. 


Git 


Figure  1.  Irreresible  Heat  Transfer 
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Solution:  In  this  process,  the  heat  lost  by  the  hot  gases 

which  serve  as  the  heat  reservoir,  are  added  to  the  water 
which  is  the  system.  Therefore 


0  =0 
gas  ^water 


r 


or 


'  '  •  '  t  4 


'  f  .  V>  f  (  -  . 

^  m  c  (T,  -  T,  )  =  m  c  (T,  -  T.  ) 

g  p  1  2  gas  w  p  2  1 J 


w 


(1) 


Since  the  temperature  at  , the  exit  of  heater  is  not  known 
(for  water),  solving  for  T2)w  gives 


*  i  r 


(  <  rfi  c*  IT  *■  -  T  V  ’  - 

,)  = -JBLP..,.:.1; _ uii  +  T\ 

7W  .  Vo  v 


w 


=  200 , 000( 0 . 26 ) ( 1200-300 )  . 

250,000(1.02)  ^UU 

>  'i  •*  '  =  183.6  +  200 

,.•*  II  ts  !  ^  =,383. 6°F  =  843. 6°R  r, 

y  i:  i'r  jtJ  •  '  *  '  *  t'J  '  llj 

of  <£-  .<  .  .I  '  -  * 

Fig,  1  shows  the  available  and  unavailable  energies 
associated  with  the,  process For  the  *gas*  the  .unavailable 
energy  is .  \  7  , 

.  ..  ■  *u  “  Qu  =  TLmcx  ln  (-ft) 

i*  %'i  . 

4  '  '-f  ^  'f  /IfifiOA 

=  (560X200, 000)(0,26)  ln 
=■ 22,850,000  Btu/hr 


The  available  energy  is  defined  as  the  difference  between 
the  heat  transferred  to  the  system  and  the  unavailable 
energy  *  N  t:  . 

\ 

^a  “  Qa  =  Q  -  *u  i  (2) 

Where  Q  =  mgCx(T1  J  T2)g 

=200 , 000  x  0! 26(1200  -  300) 

-  =’ 46,‘800;000  Btu/hr! 


Then  from  Eq. 


(2) 


for  the  gas 

y  . 


<f>  =  46,800,000  -  22,850,000 

=  23,950,000  Btu/hr 


262 


For  the  water  (system) 


<J>  =  T  m  c  In 

u  Lwx  \T  i/ 

'  =  560(250,000X1.02)  In 

=  34,700,000  Btu/hr .  ■ 

i 

From  Eq.  (2),  for  the  water  ,  .... 

■  *  -.<(,=  46,800,000  -  34,700,000  j 

’  ■  *• 12,100,000  Btu/hr 

For  this  process 


1 


40.a  = 


->  « 


g  TW  H 

=  23,950,000  -  12,100,000 

=  11,850,000  Btu/hr  <  , 

Therefore  in  the  heat  transfer-process,  the  available  energy 
decreased  by  the  amount  and  the  unavailable  energy 

CL 

increased  by  the  same  amount.  Hence  the  loss  of  available 


energy  is  11 , 850 , 000  Btu/hr . 


I  . 


;i> 

I  - 


-  •  V 

f  ;*•  it  $ 

I,.  *  ■' 


i. 
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CHAPTER  6 


THERMODYNAMIC  RELATIONS 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  264  to 
327  for  step-by-step  solutions  to  problems. 


The  state  of  a  pure  homogeneous  fluid  is  fixed  whenever  two  intensive 
thermodynamic  properties  are  specified.  For  more  complicated  systems  the  phase 
rule  determines  the  number  of  degrees  of  freedom,  F,  for  a  system  with  P  phases 
and  N  chemical  species:'  ’ 


F=2-P+N 


"■*  V.  f*  .  i!': 


r,  .  .  t  *  tf  •  •«*  -  1  1  r> 

A  phase  is  a  homogeneous  region  of  matter;  examples  are  gas,  liquid,  solid, 
liquid  solution,  gas  bubbles  disbursed  in  a  liquid.  Various  phases  can  coexist,  but 
they  must  be  in  equilibrium  for  the  phase  rule  to  apply.  The  phase  rule  variables 
are  intensive  properties  which  are  independent  of  the  extent  of  the  system  and 
of  the  individual  phases.  Intensive  state  functions  are  properties  of  matter,  e.g., 
temperature,  pressure,  specific  volume,  internal  energy,  enthalpy,  and  entropy. 


The  minimum  number  for  the  degrees  of  freedom  is  zero,  and  in  Eq.  (1) 
when  F  -  0  the  system  is  said  to  be  invariant.  The  maximum  number  of  phases 
(P  =  2  -  F  +  N)  that  can  coexist  at  equilibrium  is  three  — the  triple  point  — which 
occurs  when  F  -  0  and  N  =  1. 


Intensive  properties  are  variables  in  the  first  and  second  law  of  thermody¬ 
namics.  In  differential  form  the  first  law  of  thermodynamics  for  a  reversible 
process  is: 

dU  =  dQrev-dWrev  (2) 

where,  U,  Q,  and  W  are  per  unit  mass  or  molar  values  of  internal  energy,  heat, 
and  work. 

For  a  reversible  process,  the  definition  of  entropy  is: 

dS  =  dQ,JT  (3) 

and  reversible  work  is: 

dW,'V=PdV  (4) 
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Combining  Eqs.  (2),  (3),  and  (4)  gives: 

dU  =  TdS  -  PdV  (5) 

This  equation,  representing  the  first  law  of  thermodynamics  for  a  reversible 
process,  contains  only  variables  that  are  intensive  properties  of  the  system.  This 
equation  will  be  the  basis  used  to  develop  the  Maxwell  equations,  which  are 
important  relations  that  underline  the  mathematical  structure  of  thermodynamics. 

In  addition  to  the  five  primary  thermodynamic  functions:  P,  T,  V,  U,  and  S, 
three  additional  functions  are  defined  in  terms  of  these  five.  They  are: 


enthalpy  H  -U  +  PV  (6) 

Helmholtz  free  energy  A  -U  ~TS  (7) 

Gibbs  free  energy  G  =  H  ~TS  (8) 

The  differential  of  Hf  A,  and  G  can  be  written  as  the  sum  of  two  terms  like 
dU  given  by  Eq.  (5).  To  illustrate  this,  the  differential  of  enthalpy,  H,  from  Eq.  (6) 
is: 

dH  =  dU  +  PdV  +  VdP  (9) 

By  adding  Eqs.  (5)  and  (9),  the  following  is  obtained: 

dH  =  TdS  +  VdP  (10) 

Equations  for  dA  and  dG  can  be  obtained  similarly  as: 

dA  =  -  PdV  -  SdT  (11) 

dG  -  VdP  -  SdT  (12) 


Recalling  the  phase  rule  where  the  state  of  a  homogeneous  fluid  is  specified 
by  two  of  the  eight  intensive  thermodynamic  variables,  we  can  write  the  chain 
rule  for  a  general  function  of  two  independent  variables  F(x,y)  as: 


dF(x,y) 


(13) 


where  F,  x,  and  y  can  be  any  of  the  eight  thermodynamic  functions.  For  example, 
comparing  Eq.  (13)  with  Eq.  (5)  with  F  =U,x  =  S,  and  y  =  V,  we  have: 


For  a  continuous  function,  the  order  of  partial  differentiation  can  be  inter- 
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changed,  and  the  following  holds  for  continuous  functions  with  continuous  first 
and  second  partial  derivatives: 


A  d2F 


Applying. this  result  to  Eq.  (14)  gives: 


dzF  W  /  dlU  Vt  fdT 


fdT  V 


js  „  i 


-(f) 


The  terms  on  the  right  side  of  Eqs.  (17)  and  (18)  are  equal  by  Eq.  (16),  and  one 
of  the  four  Maxwell  equations  is  obtained: 


/an  /an 

laws"  V  as J v 


The  other  three  can  be  obtained  by  the  same  procedure,  and  they  are: 


(dT\  /av;\ 

Upjs’UsJP 

/dvylz(K\ 
\dTlp *  AaWr 


These  four  equations,  along  with  the  previous  ones,  serve  as  the  mathemati¬ 
cal  basis  for  evaluating  thermodynamic  functions  from  experimental  measure¬ 
ments  of  pressure,  temperature,  and  volume  behavior  of  a  fluid. 

The  most  useful  relations  are  for  internal  energy,  enthalpy,  and  entropy  as  a 
function  of  temperature  and  pressure  or  specific  volume.  For  example,  consider 
internal  energy  in  a  function  of  temperature  and  specific  volume:  , 

" ' Hf)-(f) -  ' 

The  heat  capacity  at  constant  volume  is  defined  as: 


=(f) 
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Next,  Eq.  (5)  is  used  to  evaluate  the  coefficient  of  dV  in  Eq.  (23)  by  dividing  by 
dV  to  give: 


The  Maxwell  equation,  Eq.  (21)  is  used  in  Eq.  (25)  to  give: 


-  P 


(26) 


Substituting  Eqs.  (24)  and  (26)  into  Eq.  (23)  gives  dU  as  a  function  of  T  and  P,  i.e., 


dU  =  CvdT  + 


(27) 


The  change  in  internal  energy  from  T\  and  V!  to  T2  and  V^can  then  be  com¬ 
puted  from  the  phase  behavior  of  the  fluid  by  integrating  Eq.  (27)  as: 


(28) 


In  Eq.  (28),  t/j  is  given  a  specified  value  at  a  standard  reference  state,  such  as 
zero  at  T,  and  Vx.  This  allows  tables  and  graphs  to  be  prepared  with  U  as  a  func¬ 
tion  of  temperature,  pressure,  and  specific  volume  for  process  analysis  and  design. 
For  example,  in  the  ASME  Steam  Tables,  {/,  is  taken  as  zero  for  saturated  liquid 
water  a  0°  C  and  0.611  kPa,  the  triple  point. 

The  corresponding  equations  for  enthalpy  and  entropy  in  terms  of  tempera¬ 
ture  and  pressure  are: 


dH  -  CpdT  + 


(29) 


(30) 


These  equations  are  used  to  compute  the  enthalpy  and  entropy  from  P-V-T 
data  as  described  above  for  internal  energy.  Also,  it  should  be  noted  that  having 
specified  two  properties,  the  other  six  can  be  computed  by  equations  such  as  Eqs. 
(6),  (7),  and  (8).  However,  it  is  convenient  to  express  the  relation  among  P,  V,  and 
T  with  an  equation  of  state  which  has  been  determined  from  experimental  mea¬ 
surements,  as  will  be  discussed  subsequently. 

The  Clausius-Clapeyron  equation  is  an  important  and  exact  thermodynamic 
relation  obtained  from  the  Maxwell  equations  that  gives  the  change  in  enthalpy 
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from  a  phase  change  from  P,  Vy  and  7  data  only.  A  phase  change  occurs  at  con¬ 
stant  temperature  and  pressure,  and  Eq.  (21)  can  be  written  as: 


where  the  left  side  of  the  equation  is  the  slope  of  the  saturation  curve  on  a  P-T 
diagram,  and  the  right  side  is  the  ratio  of  the  difference  in  saturated  vapor  and 
saturated  liquid  for  entropy  and  for  specific  volume. 


The  change  in  entropy  for  a  phase  change  is  the  enthalpy  of  vaporization, 
AHvap,  divided  by  the  temperature,  i.e., 


Sg  —  S}  - 


Wvap 

T 


(32) 


Combining  Eqs.  (31)  and  (32)  with  AVvap  =Vg-Vl  gives: 

(—]  « .^vaP 

\dT)sat  TAVvap 


(33) 


Thus,  the  enthalpy  of  vaporization,  A Hvap,  can  be  computed  with  Eq.  (33)  using 
the  slope  of  the  vapor  pressure-temperature  curve  and  the  change  in  specific 
volume,  AVvafP  as  a  function  of  temperature. 

The  Clausius-Clapeyron  equation  is  applicable  to  any  phase  change  process, 
and  Eq.  (33)  can  be  written  in  general  as: 

!dP\ 

\dTlM  TLVn  (34) 


Another  important  application  of  the  basic  thermodynamic  equations  is  the 
analysis  of  the  throttling  process  using  the  Joule-Thompson  coefficient.  A  throt¬ 
tling  process  is  used  in  refrigeration  cycles  to  have  a  large  drop  in  temperature  by 
expanding  a  fluid  through  a  porous  plug  or  valve.  This  is  a  constant  enthalpy 
process  (both  Q  and  W  are  zero  in  the  first  law  of  thermodynamics  for  a  steady- 
state  flow  system),  and  the  temperature  should  decrease  with  a  decrease  in  pres¬ 
sure  at  constant  enthalpy.  Consequently,  the  following  relation  should  be  posi¬ 
tive: 


This  partial  derivative  is  called  the  Joule-Thompson  coefficient,  p;  and  for  a 
fluid  expanding  in  a  throttling  process,  if: 

p  >  0  temperature  decreases 

p  =  0  temperature  remains  constant  (36) 
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p  <  0  temperature  increases 


In  the  case  of  hydrogen  above  -68°  C,  \i  <  0,  and  the  gas  temperature  in¬ 
creases  in  the  throttling  process.  Also,  p  =  0  for  an  ideal  gas.  Consequently,  a 
procedure  is  required  to  compute  p  in  order  to  be  able  to  design  a  throttling  pro¬ 
cess  with  the  temperature  decreasingVith  pressure.  Using  Eq.  (29)  with  dH  =  0, 

.  -  j.  '  j.  :i  ....  '<  £  .  ■*,  ..  j|(!f  ,.  '  •••  . 

rearranging  gives:  ’i 


\3P)h  C , 


•  *  ►  V 


u 


(37) 


Thus,  p  can  be  computed  using  P-V-T  data  with  this  equation. 

•,  Two  other  thermodynamic  properties  of  importance  to  liquids  are  the  isother¬ 
mal  compressibility,  a,  and  volume  expansivity,  (3,  defined  as:  *  h „ 

••  ••  i-  J  -1 


and 


a  =  — (— ) 

V\dP)T 


pa  m 

VKdT/p* 


- 1* 

1  ^  h  ■ 

■  %ijf  J'. 


-IK 

•4/ 


(38) 


(39) 


Both,  a  and  (3  are  a  measure  of  the  compressibility of  a  liquid,  and  they  are 
generally  very  small.  Consequently,  the  incompressible  fluid  approximation  in 
fluid  dynamics  is  valid  for  liquids.. *cf  J.  .  ..  • 

Equations  of  state  are  used  to  relate  the  pressure-volume-temperature  ( P-V-T) 
behavior  of  gases  obtained  from  experimental  measurements.  The  ideal  gas  law 
is  the  simplest  relation  that  describes  gas  P-V-f  behavior: 

PV  -  nRT  (40) 

where  V  is  the  volume  occupied  by  n  moles  of  a  gas  at  absolute  temperature  T  and 
absolute  pressure  P.  R  is  the  universal  gas  law  constant,  8.314  kPa  m3/kmol  K  in 
SI  units.  Eq.  (40)  is  applicable  to  real  gases  ht  pressures  of  up  to  about  200  kPa 
and  above  ambient  temperatures. 

To  improve  the  description  of  the  P-V-P  behavior,  a  number  of  equations  of 
state  have  been  used.  Two  well-known  ones  are  by  van  der  Waals  and  Redlich- 
Kwong.  These  are: 


van  der  Waals 


P  = 


RT 


V-b  V* 


(41) 
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Redlich-Kwong 


ft 


‘  f-ii.i 


p  = 


RT 


7  a 


V-b  TmV(V  +  b )  v 


A 


(42) 


These  are  extensions  of  the  ideal  gas  law  and  were  modified  to  represent  both 


vapor  and  liquid  behavior.  The  constants  a  and  b  are  for  specific  fluids,  and  the 
ideal  gas  law  is  recovered  when  a  and  b  are  zero. 


;  ’  I  ;  „ 

Another  modification  of  the  ideal  gas  law  to  predict  the  behavior  of  real 
gases  is  the  use  of  a  compressibility  factor  z,  i.e., 


PV  =  znRT  -  L  f ,  h  •  -  i  (43)  . 

where  zis  the  compressibility  factor,  and  it  can  be  thought  of  as  the  ratio  of  the 
actual  to  the  ideal  specific  volume  of  Uhe  fluid.  'The  compressibility  factor  is 
obtained  from  correlations  presented  as  charts  and  tables  which  have  the  reduced 
temperature  and  pressure  as  independent  variables.  The  reduced  temperature  and 
pressure  are  the  pressure  and  temperature  of  the  fluid  divided  by  the  critical 
temperature  and  pressure. 


In  summary,  the  Maxwell  relations  were  described  and  derived.  Then  these 
fundamental  equations  for  thermodynamics  were  used  to  obtain  the  Clausius- 
Clapeyron  equation,  which  is  used  to  predict  latent  heat  of  vaporization  from 
P-V-T  data  and  to  derive  other  equations  to  predict  internal  energy,  enthalpy,  and 
entropy  from  experimental  measurements.  Also,  these  equations  were  used  to 
obtain  the  Joule-Thompson  coefficient  and  the  coefficients  for  volume  expansivity 
and  isothermal  compressibility..  In  addition,  the  standard  equations  of  state  used 
to  relate  P-V-T  data  were  presented;,  these  included  the  ideal  gas  law,  the  van  der 
Waals  and  Redlich-Kwong  equations,  and  the  compressibility  factor  extension  to 
the  ideal  gas  law. 


j 
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Step-by-Step  Solutions  to 
Problems  in  this  Chapter, 
“Thermodynamic  Relations” 


MAXWELL  RELATIONS,  GIBS  AND  HELMHOLTZ 
FUNCTIONS 


•  PROBLEM  6-1 


Using  the  Maxwell  equation 

©.  ■  -  89, 

(1) 

and  the  mathematical  relation 

©.89,89,  -  - 

(2) 

derive  the  remaining  Maxwell  relations. 

Solution :  In  principle,  functional  relations  or  equations  of 

state  exist  between  any  two  properties  and  any  other  property 
of  a  substance.  The  exact  forms  of  only  a  few  of  these  are 
known.  So  general  thermodynamic  relations,  between  partial 
derivatives  of  properties  are  used  very  extensively.  There 
are  four  Maxwell  equations  altogether.  One  of  them  is  given 
in  the  problem,  and  the  rest  that  will  have  to  be  derived 
are 


a) 


b) 


v 


T 


and 
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Each  of  these  four  equations  express  a  different  relation 
between  p,  v,  T,  and  s. 


Dividing  Eq.  (2)  by  any  of  the  partial  derivatives,  say 

(-|^)  one  obtains  .  <  ' 

UX'y  .  •:  • 

m  (a .-(i)  1  ■  ■■ 


or 


(tf)..=-(if)  (H). 


y  '3yJz 


(3) 


In  Eq.  (3)  x,  y,  and  z  are  three  variables,  where  one  is 
always  dependent  on  the  other'two.  Thus  there  are  only  two 
independent  variables.  ^  k 

a)  Let 

x  =  s,  y  =  T,  and  z  =  v  j 

Then  Eq.  (3)  takes  the  form  ‘  ,  _  -  ^ 

(H)T  -mvms 

From  the  given  Maxwell  relation  however 

t  f 


f8T\  .  _ 

1*2.) 

(3v)s 

UsJ 

and  so 


89.  •  (8) .89.  -  («). 


*■  :!p 


or 


(If),  ■  «S)‘ 


T  - v 

which  is  the  second  Maxwell  relation. 

i! 

b)  Letting  x  =  v,  y  =  p,  and  z  =  T,  Eq/  (3)  is  written  as 

mp---mT(§)v  : 

From  the  second  Maxwell  relation,  ^which  was  derived 

*  ■  "  “  ''(&)  m  /9SV  ‘  #  - 

UtJ  i  \ avj^  . 
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and  thus 


/1y\  =  - 

(m 

Ut  / 

Up/ 

p  ~ 

•u.  ■  *  .> 


/3v\  =  _  (ds)  , 

Ut  )p  Up  )T 

This  is  the  third  Maxwell  relation. 

c)  Letting  x  =  T,  y  =  s,  and  Z  =  p,  Eq.  (3)  takes  the  form 

/9T\  =  _  /3T\  Ids] 

,  Upjs  'Us/pl3PiT 

From  the  third  Maxwell  relation,  derived  in  (b) 


and  thus 


Up  L  Ut  ) 


/3T\  /3T\  (3v\  =  /3v\ 

UP/0  UsJ  UtJ  •  Us I* 


•ffl.-.ts 


r  s  p 

which  is  the  fourth  Maxwell  relation. 

In  all  four  Maxwell  relations  it  is  seen  that  for  the  three 
properties  that  are  involved,  one  is  always  dependent  on  the 
other  two.  -  v 


•  PROBLEM  6-2 


Show  that  more  than  one  function  can  be  transformed  to  the 
Gibbs  function.  The  Gibbs  function  is  given  as 


*M  :  '  '  L  VP  U  *1  =  G(T,  -  p,N  ) 
LS.  ,  vj  .  , 


Solution t  The  Gibbs  function  allows  to  determine  the  "  f 

equilibrium  composition  of  any  reactive  mixture  of  known 
pressure  and  temperature,  regardless  of  whether  or  not  these 
were  kept  constant  during  all 'of  the  reaction.  Since  the 
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electrochemical  potential  relates  the  change  in  the  Gibbs 
function  of  a  mixture,  considered  as  nonreacting,  to  changes 
in  the  amounts  of  its  constituents,  it  too  is  very  important 
in  chemical  thermodynamics. . 

Since  we  are  looking. for  one  or  more  functions  we  can  write 

.  .  i 

=  *KT,-p,NL  ) 

Now  F  =  F(T,V,Ni) 

We  need  only  replace  V  by  -p.  This  is  possible  since  p  is 
conjugate  to  V.  Then 


•i  t 


=  U  -  TS  +  pV 

<!* 

=  H  -TS  r 


i-  l[v]  =  GCT.-p.Nj) 

In  the  same  manner,  it  can  be  shown,  since  H  =  H(S,  -p,!^), 
that  ' ~ 

l[»]  =(G(T,-p,N.)  1 

*r  '  '*  * 

Consequently  ): 

.  .  i  .  :  . 

L  y  -  L  g  =  l[s^  ~  G(T,-p,Ni) 


£f  l 


it 

•  PROBLEM  6-3 


Given  the 

following  data  for 

1  diamond  and 

graphite  at  25°C 

and  1  atra 

Diamond 

Graphite 

Units 

i 

1.233 

0 

Btu/lb  mol-°R 

V 

0.00456 

0.00712 

ft 3 /lbm 

T 

0.16  x  10“* 

3.0  x  10* 6 

atm“lk 

determine 

the  pressure  that 

is  needed  to 

make  diamonds  from 

graphite 

at  25°C . 
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Solution;  Graphite  and  diamond  can  exist  in  equilibrium  at 
a  particular  pressure  when  both  have  the  same  value  of  the 
Gibbs  function.  At  1  atm.  pressure  the  Gibbs  function  of  the 
diamond  is  greater  than  that  of  Graphite  but  the  rate  of 
increase  in  the  Gibbs  function  with  respect  to  pressure  is 
greater  for  the  graphite  than  the  diamond.  Therefore  at  some 
pressure,  the  two  will  exist  in  equilibrium. 

Consider  the  relation  J 

dg  =  v  dP  -  s  dT 

-  j-  ■F  *  ^  v 

Since  it  is  a  process  that* takes  place  at  constant  temperature 
this  reduces  to 

dgT  =  vdPT  .  (1) 


Now  at  any  pressure  P  and  the  given  temperature  the  specific 
volume  can  be  found  from  the  following  relation,  which 
utilizes  the  isothermal  compressibility  factor. 


*  :  "  *  (2) 

The  superscript  °  will  be  used  in  this  example  to  indicate 
the  properties  at  a  pressure  of  1  atm  and  a  temperature  of 
25  C . 


The  specific  volume  changes. only  slightly  with  pressure,  so 

that  v  «  v°.  Also,  assume  that  B T  is  constant  and  that  we 

are  considering  a  pressure  of  many  atmospheres.  With  these 
assumptions  this  equation  can  be  integrated  to  give 

■  v  =  v°  -  v°BtP  =v°(r  -  eTP)  (3) 

Substitute  this  into  Eq.  (1) 

dgT  =  (v°(l  -  BTP)JdPT  (4) 


g‘-  g°  =  v°(P  -  P°)  -  v°s,  (P  -  P  > 


)2  t-«02 

(T  ~~  2 


Assume  that  P  <<  P  this  reduces  to 


o  o 
S  -  g  -  v 


P  - 


eTP 


For  the  graphite,  g  =  0  and 


=  VG°[P  - 


(5) 
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For  the  diamond,  g  has  a  definite  value  and  we  have 


_  „  o.  o 
=  Sn  +  v. 


’D  &D 


D 


P  ( 6T)D  T- 


But,  at  equilibrium  the  Gibbs  function  of  the  graphite  and 
diamond  are  equal.  ^ 


xili  ! 

ff  *  _  ■■  • 

i  gG  gD 


Therefore , 


ofP  -  CBT)q 


VG  L1 


_  „  o  .  o 


p2 

P  -  (  6rp  )p  ~2~ 


(vG°  *  V)13  *  [vG°(6T)G  -  vd°(Bt)d]  £  -  gD° 


CO. 00712  -  0. 00456 )P 


-  (0.00712  x  3.0  x  10.  G  -  0.00456  x  0. 16  x  10~6  )  — 

2 


Solving  this  for  P 


k  *  _  1233  „  778 

12  14.7x144 

'.I'-  ...t  .  .  "If. 


P  =  15,500  atm 


That  is ,  at  15,500  atm,  25:C,  graphite  and  diamond  can  exist 
in  equilibrium,  and  the  possibility  exists  for  conversion 
from  graphite  to  diamonds.  r  ... 


•  .  I  ^  - 

THE  CLAUSIUS  -  CLAPEYRON  EQUATION 

_  •  PROBLEM  6-4 

I  Derive  the  Clausius- Clapeyron  equation  by  using  the  Maxwell 
relations.  Consider  the  change  of  state  from  saturated 
liquid  to  saturated  vapor  of  a  pure  substance. 


Solution ;  The  Clausius-Clapeyron  equation  is  a  very 
important  relation  which  involves  the  saturation  pressure  and 
temperature,  the  specific  volumes,  and  the  change  of  enthalpy 
associated  with  a  change  of  phase.  With  the  use  of  the 
Clausius-Clapeyron  equation  a  change  in  a  property  which 
cannot  be  measured  directly  can  be  determined  if  the  other 
properties  are  known.  The  derivation  of  this  equation  is  as 
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follows  ..  ,4  ..  *  -v  :  » 

*  ■  V  *  *  '  ^  *  1 

Consider  the  Maxwell  relation 


As  the  substance  changes  from  saturated-liquid  to  saturated- 
vapor  it  undergoes  an  isothermal  process.  Also  in  the 
saturation  region  the  pressure  and  temperature  are  independent 
of  the  volume.  Therefore  the  left  hand  side  of  Eq.  (1)  can  be 
written  as 


and  the  right  hand  side  of  Eq.  (1)  can  be  written  as 


V  ,v.  _  ,  ¥  *.  V'  • 

•  >'  •  ,  ls\  -  = 

AS  _‘ 

s 

_s _ 

\3v/t 

( 1 ) ,;  then ;  becomes 

Av 

V 

g 

vf  ’fg 

r.!-  ■'  s  i’  ■  -- 

.  :  r  •  ■ 

i  *  *.  »< 

,*'V  (' 


1  t 

f  ~ 


(8) 


s  _ 

=  -il 

satr  vfg 


For  the  heat  added  in  a  constant-pressure  vaporization 
process,  the  first  law  gives  1  v  ?. 

faQ-*iAU,  -  Bw 

**  >  'c  *  *  T  J  “*Uf  +  Vf) 

t  *i  *V  .  ■*)  '*  -U  T 

From  the  relation  18  ?  ^  y  -  -  |K 


(2) 


(3) 


h  -  u  +  Pv 

Eq.  (3)  takes  the  form 

*  *r-  *  »  •  *  Q.r”  ‘  =,  k- 


However  for  the  isothermal  process 

jj»-  *  ' 

■  -  Q  ",T(sg  *f>  -Tsf  * 

*  <-  T.  .  ’  f  .  V 

From  Eqs.,^(4)  .and  (5)  *  v-s  ;■*  ~ 

*  ■  r;  '  *  J  *  *  • 

'  *  s.  =  ’  . 

fg  T 

Substituting  Eq.  (6)  into  (2)  gives  ■■  « 


ii.  * 


r  ■ 


f  ' 


,  .  (dTj._  .  Tv 


_t  fg 
sat  *  Tvfg: 


*  a  t 

■:  i  «  ?"*■  .  " 


(4) 


(5) 


(6) 


or 


>  . 


270 


dP 

dT 


t  n&  *  ■’  S  *-*S. 


r^js. 


*  h  -  h- 
■  *  £_  f 


sat 


v  -  'v  _  IlT(  v  f-  v  „) 

g  '  f  .  t  .  *.  S  ■■■  f 


which  ,is  the  standard  form  of  the  i;Clausius~Clapeyron 
equation.  In  general,  for  any  change  of  state  the*  Clausius- 
Clapeyron  equation  can  be  written  *5as. 


'dP 

;dT 


sat 


s,  -  s 
b _ a 

v  -  v 
.  g  >  a 


h,  -  h 
b _ a 

T(v,  -  v  ) 
,b  .  a 


r.  -n,  '■  ■ 

where  the  subscripts  a  and  b  designate  any  two  phases. 


"t  % 


•  PROBLEM  6-5 


Determine  the  melting  point  increase  of  ice,  due  to  an 
increase  of  pressure  of  1  atm.  Assume  that  at  0°C  the 
specific  volumes  of  water  and  ice^jare  0.001000  and  0.001091 
m3/kg  respectively  and  the  latent  heat  of  fusion  is 
334  kJ/kg.  .  I 


*  -  I. ...  ■  ■ .  v 

Solution:  The  Clausius-Clapeyron  '[equation  is  written  as 


where 


dT  = 


T  .  V  dP 
sat  sf 


,  h 


(1) 


sf  m 


.1: 


j:  •* 


T  ,=  0°C  +,273.15%=  273. 15°K 

sat  y  -  . *1  i  f! 

V  „  =  0.001000-  0.001091  =  -0.000091  m3 /kg 
si 


hgf  =  334  kJ /kg 


and 


^Therefore 


'  •  -  *  ■  ■■■•&’  A  I  »  *  *  ’ 

■  dP  =  1  atm  =  101 . 325 "kN/m2 

h  •  •-  !i  r 


*3* 


•  273. 15(-0. 000691) (101. 325) 

4  :  *  v  * -  ,r.  ,  l  -  334  ,  ,  .... 


\  t’  -  ■ 


/n 


=  -0. 00753°K  - 

.  .  t  1 


-H  —  * 


f  ■  rjS f  •  ?  y#-.  V 


I.:-  1 

^  -i.  •«!*■? 


•  PROBLEM  6-6 


Calculate  Ahva^  of  liquid  oxygen  if  it  boils  at  90. 15°K  and 
has  a  vapor  pressure  of  2.5  atm  at  100°K. 
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Solution ;  When  the  temperature-  is  more  than  50°C  below  the 
critical  temperature,  the  specif ic^volume  of  the  liquid  is 
negligible  when  compared  with  the  volume  of  the  vapor  with 
which  it  is  in  equilibrium.  Therefore  assume  that" the 
specific* volume  of ^liquid  oxygen  is  negligible  and  the^vapor 
to  behdve  as  an  ideal  gas.  *-• 

^  J  . 

r  A  •  x 

•  r  ■ 

The  Clausius-Clapeyrbn  equation  then  becomes 

•  i.\  *>■  *!l  i  . ;  i  a  .  .  f  t  t*.  !‘  t  , 


dP  _ 
dT  Tv 


Ahv  =  AhyP 
TRT/P  RT*~ 


■\  K 

4t 


dP  Ahv. _  g  dT  . . 
*,P  ,  R  *  T2  .. 


Assume  Ahy  to  be  a  constant.  Integrate  equation  (1) 


1 

Mk) 

Ahv  /  x 

-  tt)  . 

-•  IP 

T 

/  2 . 50 

Ah  '/ 

v  -  <> 

?  "  1*  1  \ 

U.oo 

1  1.98 

cal/mol°K 

\90. 15°K  100°K  i 

(1) 


(2) 


*  Ah_  =  1658 

v  g-mol 


-*r  S  t 


Jf  .£  \  ' 


*■ 


•  PROBLEM  6-7 


On  a  very  cold  day  in  Alaska  the  temperature  is  measured  to 
be  -60°C.  Assuming  atmospheric  pressure  to  be  100  kPa, 
calculate  the  value  of  the  saturation  pressure  of  the  water 
vapor  in  the  ail . 


Solut ion :  This  problem  could  easily  be  done  by  using  the 
steam  tables  for  the  compressed  liquid.  However,  the  values 
in  the  table  do  not  go  below  -40CC.  The  differences  in 
enthalpy  between  the  solid  and  gas  states  are  relatively  con¬ 
stant  in  this  range.  Therefore  the  Clausius-Clapeyron  equa¬ 
tion  can  be  used  with  limits  at  -40° C  and  -60° C. 

’V  .  ‘T’  *» 

Hence  ■  i  * 
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For  water  vapor 


:|  Jf- 

nfLlU  Pig  [T;  -  T,~] 

Ip J  h.  L  T i T 2  J 


R  =  0.46152  kJ/kg-°K 


From  the  steam  tables  at  T  =  -40°C 

h.  =  2838.9  kJ/kg;  P2  =  0.0129  kPa 
•  ig  : 

¥ 

For  the  consistency  of  units 

T2  =-40  +  273.2  =  233. 2°K 
Tl  =.-60  +  273.2.,=  213. 2°K- 


Eq.  (2)  then  gives 


/P2\  _  2838.9  [233. 

n\pJ  0.46152  [233. 


2  -  213 
2  x  213 


=  2.4744 


11.87 


0.0129 


=  11.87 


Px  =  0.00109  kPa 


•  PROBLEM  6-8 

What  is  the  pressure  inside  a  boiler  which  contains  liquid 
water  and  steam  at  a  temperature  of  225°F.  Assume  that  the 
enthalpy  of  vaporization  of  water  at  212°F,  1  atm  is 
970.3  Btu/lbm  and  the  specific  volume  of  the  vapor  and 
liquid  phases  are  26.80  and  0.01672  ft3/lbm  respectively. 


Solution:  An  equation  that  relates  the  slope  of  the 

saturation  pressure-temperature  line  with  the  latent  heat 
and  the  change  in  volume  during  a  phase  transformation  is 
the  Clausius-Clapeyron  equatipn.  'This  relation  is  useful 
for  checking  the  consistency  of  measurements  or  for 
calculating  one  of  these  properties  given  data  on  the  other 
two. 
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The  Clausius-Cl apeyron  equation  can  be  written  in  the  form 


t  &  , 


dT-  * 
T 


(1) 


where  the  values  of  Ah  and  Av  are  assumed  to  be  constant 

over  small  temperature  differences.  Therefore  Eq.  (1)  can 
be  integrated  to  yield  ? 


From  the  statement  of  the  problem 


Ahv  -  970.3  778  =  754,893.4  ft-lbf/lbm 

Av  =  v  -  v, 
g  1 

*  _  ft  s-  '?  ^  k 

=  26.80  -  0. 01672 /  ■  fr, 

'  -  ■.  •  «‘  <*  ^  -  •• 

=  26.78328  =  26.78  ft3/lbm  y  ■ 

Tx  =  212  +  460  =  672°R 

T2  =  225  +  460  =  685°R  ,, 

;  „  t ' 

For  the  consistency  of  units 


=  1  atm  x 


14.7  lbf/in2  144  in2 


1  atm 


ft 


X 


=  2116  lbf/ft 


From  Eq.  (1)  then 


P2 


2116 


754,893.4 
26.78  X 


=  540.11 


or  *  *•« 

P2  =  540.11  +  2116  =  2656.11  lbf/ft2 
or  f  "  .  '■  '  ' *.&  . :  . 

*  -j  -  *  "+  >r  .  **  *  ■■ 

x  .  .  <•  +  ■  •  .  *  .  ‘ 

P 2^'=  18.45  lbf/in2  t  ^  ; >  • 

#  *  fc  1  ■*'  **  v  J  ?  V  V  -.i-  1  f  * 

*  ■  ^  ...  -  jal 


•  PROBLEM  6-9 


An  ice-skating  rink  contains  ice  at  -10°C.  Calculate  the 
pressure  that  an  ice  skate  blade  must  exert  to , allow  smooth : 

ice  skating  at  this  temperature.  Assume  that  Ah„ 

*  r  *.  -r  r  ■*  ■  fusion 

1440  cal/g-mol. 


‘2?4 


P 1 iq  1,0  g/cm3 


p.  =  0.917  gm/  3 
ice  cm 


Solution:  When  pressure  is  exerted  by  the  skate  blade  on  the 

ice,  a  thin  layer  of  ice  melts  and  the  skate  blade  glides 
over  this  thin  lubricating  layer.  1 

The  Clausius-Clapeyron  equation  will  be  used  to  solve  this 
problem.  *  , 

/  dP\  =  Ah 
'  dT‘eq  AvT 


Multiply  by  dT  and  integrate: 


or 


fT2 

- 

Tx 


Ah  .dT 
Av  T  ' 


r 


ii 

ii 


(a) 


But  at  P  =  1  atm,  Ti  =  0°C.  Since  P2  is  desired  at  which 
T2  =  -10°C,  use  equation  (a)  directly:  For  the  consistency 
of  units 


Px  =  1  atm  =  1.013  x  10s  N/m2 


Ti  =  0°C  =  273°  K 
T2  =  -10°C  =  263°K  :  ' 


Ah  = 
1  iq 

V 

sol 

v 


1440 

1 


_L 


cal /g-mol . =  3.34 x  10s  J /kg  =  3.34 x  105 
=  1  cm3/gm  =  1.000  x  10  m  /kg 

4  ■  • 

=  1.091  cm3/gm  =  1.091 xio"3  m3/kg 


Nm/kg 

u 


Therefore 

P2  -  1.013  x  10 5 (N /m2 ) 


ii 

3.34  x  10 5  Nm/kg  t  ^(2G3\ 

(1.000  -  1.091)  xlO"3  m3 /kg  \273i 


P2 


.3.34  x  10s 
9.1 x  10-5 


In  (0.963 


) 


N/m2 


1.01 x  105  N/m2  *  1.38xioe  N/m2 


or  ^ 

P2  =  1.38  » 10“  N/m2  =  1.36  x  103' atm  =  20.0  *  103psi 
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f  This  pressure  is  clearly  qu^.te  high  and  is  achieved  with  the 
ice  skate. blade  by  having  only  a  small  portion  of  the  blade 
surface  contact  the  ice  at  any  given  time. 


•V  X  *  j'  «  t  ■■  -  ,  ■  '  * 

t  f  ■  PROBLEM  6-10 


Show  that  the  vaporization  line  and  sublimation  line  for 
water  do'  not  have- the; same  slopes  at  the. triple  point 


t:  *  ^ 

■i 


Solution :  Let  the  slopes  be  for  the  sublimation  and 
vaporization  lines.  Tf  the  slopes  are  not' the. same  then. 

„  V.  .v>  (^).  .  3  (||)  <  *  0.  ■ 

'  'cilhi  'non 


At  the  triple  point 


sub 

f 


vap 


ts\  ili 


h. 

?  _lg  = 


’fg 


and 


:  «  .  * 


h. 

_iS  =  s 

T  -Sig 


where  the  subscripts i ,  f/  and  g‘denote  the  solid,  liquid, 
and  vapor  states  respectively’. 

Using  the  Clausius-Clapeyron  equation 


(ht) 


s .  s  „ 

=  _ ts. 

im/  V  ~  V  _ 

sub  r  yap  . f g  fg 


- 

IdT/ 


2?6 


and 


At  the  triple  point,  sig  =  sif  +  sfg 

V.  =  V,  .  +  ,V_ 

-lg  if  fg  i 

'  «  “• 


VaPT . P . 


-  w 

dT  subm  „ 

IdT  1 

(sif  *  sfg)Vfg'-  sfg(Vlf  +  Vfg} 


,  V.  (V;  _  +  V.  )  i 
!  fg  if  fg 

-  sifVfg  ~  sfg  Vif 

"  WVit 

Noting  that  is  smaller ‘than  and  is  much  smaller 

than  ,  the  above  expression  can  be  approximated  as 


-(» 


, ....  t.  ,  . ■  T.P.  i  KT.P.  =  &  f • 

Since  both  s  and  V.  are  positive,  the  slope  of. the 

sublimation  line  is  greater  than  that  of  the  vaporization 
line  at  the  triple  point.  ; 

»  t  \*  v  \ 


ENTHALPY,  ENTROPY,  AND  INTERNAL  ENERGY 

‘  '  •  PROBLEM  6-11 


Express  (3h/3P)  in  terms  of  P,v,T,C  ,Cy,  and  absolute 
g  P 

entropy,  s. 


Solution:  Begin  by  substituting  the  dh  property  relation  for 

the  dh  term  in  the  numerator: 


•  ’(«).  *  ’(#).  •  m 


o  o  - 

*  ,  .>  v  ■*:  * 

Now  bring  g  into  the  derivatives  by  application  of  the  triple 
product  expansion.  ^ 


’  >  fi£V 

-  («). 


—  +  v 

?  ‘ 

p 


Now  eliminate  g  with  the  dg  property  relation: 
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►  Now  use  the  triple  product  on  the  first  term  in  parentheses 


But  (8s/3P),p  *  -(3v/9T)p  from  the  Maxwell  equations,  and 

"  '  ■  !  11  Ik  ]  _  £p  -  " 

<j  •.  J  ■  i  \3Tjp-  tT  ■  ,a  * 

!  ’  ■  1 

Thus  the  derivative  is  finally  expressed  as 


The  absolute  entropy  cannot  be  reduced,  so  this  is  the 
simplest  form  possible. 


•  PROBLEM  6-12 

Obtain  an  expression  for  the  entropy  change  as  a  function 
of  pressure  and  temperature 


Solution :  Writing  the  first  law  in  differential  form  for  a 

reversible  nonflow  process  with  1  pound  of  ideal  gas  as  the 
systemj  gives: 

Tds  =  du  +  p  ~  (1) 

t  A 

Differentiating  the  enthalpy  equation' h  =  u  +  gives: 

.  dh  =  du  +  £§2  +  .  (2) 
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du  +  £dv  .  dh  .  vdp  (. 

J  i  J 

Substituting  the  value  of  du  +  pdv/J  of  equation  (3)  into 
equation  (1)  gives: 

Tds  =  dh  -  v  .  (< 

But  dh  =  cpdT,  and  v  =  RT/p. 


Tds  =  C  dT  -  ~  .<*£ 

P  J  P 

Dividing  by  T  gives  the  required  'expression : 


ds  =  c  f  -  H  dp 

P  T  J  p 


•  PROBLEM  6-13 


a)  Express  dh  as  a  function  of  C  ,  Cy ,  P,  v,  and  T,  and 

b)  Express  ds  in  terms  of  dT  and  dP. 


Solut ion :  a)  dh  can  be  expressed  in  terms  of  dT  and  dP  or 
dv ,  or  dv  and  dP ,  but  dT  and  dP  will  yield  the  simplest 
expression.  The  property  relation  for  dh  is 


Assume  that 


dh  =  T  ds  +  v  dP 


h  =  h(T,P) 


The  total  differential  for  enthalpy  may  be  expressed  as 

dh  ■  (H)pdT  +  (#)dp 


l—) 


P  °P 


Therefore 


dh  =  CpdT  + 


'2?9 


(ah/SP)^  can  be  determined  from  division  of  the  dh  property 
relation  by  dP  at  constant  T  to  yield 


From  the  Maxwell  relations 


which  is  substituted  into  the  last 


equation  to  yield 


The  desired  expression  for JdH  then 


becomes  ‘ , 


dh 


CpdT 


i  - 


b)  Let  s  =  s(T,P).  Therefore, 


* 

ds  = 

(i)pdT  +  1 

!«)“ 

but 

1  . 

"from  the 

Maxwell 

>  *■ 

relation, 

S  \  '  ••  1 

■  .  ? 

72 gV  _  _ 

l  3P/t 

\wP 

so 

X 

;  '■  r-  * 

'  i  ^ 

11  ds  - 

„  .  j  * 

'  9v\  dpi.  . 

yMlp 

a  *■  4 

i  1 

(3s/3T)p  is  evaluated  from  the  enthalpy  property  relation: 

dh  =  T  ds  +  v  dP 


by  dividing  by  dT  at  constant  P.  That  is, 

(—\  , '  =  T(**\ 

*  -  •  -l  v-  UT }n  >  \3Ti, 

But 

T  mp  -  s 

Therefore,  * 

(3s\  =  1  c 

l3T T  n 


P 

f  :  V 

T  ‘  ' 

3h 


■r  i 


so 


P 

t  ► 
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v  •  PROBLEM  6-14 


Derive  a  general  expression  for  the  change  of  enthalpy, 
internal  energy,  and  entropy  of  a'  substance  following  the 
equation  o-f  state  ,  '  ' 

V3T  L  P  ’  •  m  4 

.  k*  1  ■  J. 

This  substance  has  a  constant  pressure  specific  heat  along 
isobar  Px  (shown  in  the  figure )  'given  by  the  relation 

C  =  A  ■+  BT. 

_ _ P, _ ■ _ H. _ 


Solution :  The  change  in  ;erithalpy|between  1  and  2  is  equal 

to  the  change  in  enthalpy  along  path  l-x-y-2.  (Refer  to  the 
figure)  •  ••  •  ■ 


h2  - 

hi  =  ( h 2  1 

3  ■)  +  0r|- 

h  ) 

+  (h  -  -hi  ) 

• 

y.  ■  .•  y.  - 

/'  >x 

;  £ 

-  'X  ■ 

•  ■  J 

fP  2 

/  ^  t7  \ 

- 

X  (T  :  =  T2. 

h2  - 

hi  = 

V  T  f| 

dpT 

+  y  C  dT 

^P  =P 

-****"'■  y  >  * 

U  .  _vvp| 

1 

S  ■  • 

.  ' T  =Ti  fP 

-1'*  X  '  A 

v->  &  rP  =P  r:  ••  *  *  -  “1 

*  f,  ”  [•  -  1S)»] 

dPT 

Since  the  equation  of  state  is  explicit  in  v ,  then 

"  ?281  .. 


(2) 


(3) 


(h2  -  h  )«,  =  i 
2  y  T  v  J 


T(S)P] 


dP, 


From  the  equation  of  state 

V  >  *»  i  .  •  '  * 


/3v\  =  R  .  3C 

\3T/p  P 


(4) 


Therefore  Eq.  (3)  becomes 


2-. —  %  "*  i- 


<h‘-  '  Vt  \|  ’  -7v(I  +  !t) 


2 


dP 


4C 


dP 


T3 

•  y  2 


In  a  similar  fashion 


•’  -  4  Cr-  1  * 

=• -  — :(P2  *  P„) 
ip  3  y 

2 


4C 


hv  -  h!  =  -  —  (P  -  Pi) 

A  rj\  3 

1 


Then  for  h  -  h  we  have 

y  x 


I 


(5) 


(6) 


,  fT  — T 2  (T  =T2  i 

h  -  h  =  .  y^  Cp.:dT-=  y  (A  +  BT)  dT 
y  x  Jt  =T,  F  '  -  AT  s'! 


\  / 


Tx"Ti  E 
\  !, 
( 


=  A(T2  -  Tx)  +  -|  (T22—  Tx  2  ) 

y.  j  ■  ^  1 

Therefore,  substituting  into  Eq.  (1) 


h 2 ** h i  =  ^-(P2-P  )  ,+  ACTj-T,)  ,+  |  (T22-T12) 

•  .  :*  T23  X  .  .  ;  ,  rA  \ 


4C 


<Px-Pi) 

3  x 


=  A(T2-Ti)  +  |  (T2  2-Ti 2 )  -  4C 


(Pa-Pv)  (Pi-P  ) 

A  X 


L  t2 


Tt3  J 


For  the  internal  energy 

'■?  '  i 


h  2  - 

hi  - 

(A  ~ 

R)(T2 

A 

-  3CI 

K- 

4 

\t25- 
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1  <T’2 


3  * 


+  4CP 


X\t23  Ti 


The  change  in  entropy  between  1  and: 2  is  equal  to  the  change 
in  entropy  along  the  path  l-x-y-2.  _ 

•r  ..  ‘  • 


S2  -  61  =  (S2V  -  S  )  '+■  (S  -  Sx)  +  (S  -  Sj) 


(7) 


vt< 


Therefore 


So  —  s  i 


P2 


—  ]  dP 

*  -p  w,  * 
y  x 


T  =T2  dT 


4Q 


c  — ^ 

I  P  T  u 


dP 

^Hp  T 


(8) 


where 


s,  -  s__  =  - 


dP 


'  y 


R  *+  3C 


dP 


i  * 


=  -Hln|i  -  22  (p2  -  p  ) 
y  i  2 

fi-  *  F  .  -  i  *■  v  ; 


But  P  -  P  and  so 

y  x 


s2  -  s„  =  -R  In  ~  -  M-  (P2  -  Px) 


In  a  similar  fashion 


sx  -  Sl'i  -Rlnp2  -  — 4(PX  -  Pi) 

X  ri  <J,:!  t»  x 


Then  for  s  -  s  * 
y  x 


tf  ■ 


s  -s  - 


T  =T; 


y  x  j  t  =,p 

x 


,  dT 
'p  T 


T  =T2 


T  =T  i 
x 


(A  +  BT)  ^  =  A  In  +  B(T2-Ti  ) 


Therefore,  substituting  into  Eq.  (7) 

v*:  y  1  j  •’  k  & 

p2 


s 2 — s  i  =  -R  In 


3C_(P2_Pv)  +  Aln-^  +  B(T2-Ti) 

Pv  T  4  t  X  .  T i 

x  l  2  .  :;u  „*•.  ^  t  -  -  ;  :l« 

-  RlnK  -7T(P*-P‘>  ; 

»  •  Tl 


s2-s1=-R  In  pY  -  3C 


(P2-Px)  ,  (pi-px> 


L 


Ti 


+  Aln|^  +  B(T2~Ti  ) 


fcw..: 
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•  PROBLEM  6-15 


a)  Start  with  the  entropy  function  s  =  f(T,v)  and  derive  the 
general  expression  for  the  entropy  change  . 


dT 

ds  =  cy  ^  + 


b)  Use  the  function  s  =  f(T,P)  and  obtain  the  general 
expression- 


ds  -  CP  f  -  (B)  dp 


Solution :  a)  Since  s  -  f(T,v)  it  follows  from  mathematical 

relations  that 


-  (8). 


solving  for  ds  in  the  property  relation 


du  -  Tds  -  Pdv 


one  gets 


ds’=,^  (du  +  pdv) 


since  u  =  f(T,v)»  then 


-(»). 


substitute  this  relation  into  Eq.  (2)  and  write  - 


=  -  r  f-) 

T :  \3T/ 


dT  +. 


dv  +  Pdv 


or  rearranging 


■  T  (B)vdT  +  T  [(B)  T  +  p] 


Equating  coefficients  with  (1)  we  obtain 


/  3s\  '  =  1  /3u\  _  1 

\37JV  !  T  \3T)V  ,  T 
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=  i 


(If)  *  p 

v  ■  T 


dv 


Because  of  the  above ,  the  relation  for  ds  can  be  written  as 

ds  =  i  0vdT  +  (If)  dv  '  ■ 


Finally  using  the  Maxwell  relation 

UvL  •  \3T 


Eq.  (4)  can  be  written  as 


ds  -  dT  + 


(IZV 

Wv 


dv 


b)  The  approach  is  quite  similar  to  that  used  in  developing 
the  relation  of  part  a).  However,  this  time  the  entropy  is 
given  as  s  =  f(T,P).  Then  a • 


ds  *  (If) p dT  +  (i)TdP 


(5) 


The  property  relation  * 

dh  =  Tds  +  vdP 

will  be  used-  Solving  for  ds  in  this  relation  we  obtain 

*  *■ 

ds  -  ^  jjdh  vdpj 

since  h  =  f(T,P),  then 


(6) 


:  (i)pdT  +  (i)TdP 


»* 

J'- 


substituting  this  relation  into  (6)  one  gets 


ds  =  ^ 


(1!^  dT  + 

laTyp 

t  ■ 


dP  -  vdP 


Rearrangement  of  this  equation  gives 


I 

fZh)  1 

-  u  dp 

ds  =  T  I 

^Tj  p  dt  +  T 

l9Pi 

T  _ 

*i 

!_ 

r"  f 

T 

Equating  coefficients  with  (5)  gives 
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and 


r  -f*  ('/'Vi.  ■'  | 


(Zs\  J'l  (dh\  .  •  1  r  ■  * 

^3T/  -p  j.  '■  T  T j'  p  '  T 

(lf)T  ’[i  (Ip)  t  -  °] 


Because  of  the  above  two  equations,  the  relation 
for  s  =  f(P,T)  can  be  written  as 

j.,  t  *■  ,■?  •  ;  ?  -  •.  1  :• 


-  i  CpdT  +  /’f§) 

'  *  >  f ' 


Finally,  using  the  Maxwell  relation 

(i)T  =  -(lf)iP 

;s  .  -  *  Si 

Eq.  (7)  can  be  written  in  -the  following  form. 

:+*■-■  ■•*‘2  rr  d*  Z:s T?  -dT  “  *  (ar) p  -dP  »  **•  , 

*  v:  <  .  t' 

which  is  the  desired  expression.  ;  f  '  • 


•  PROBLEM  6-16 


The  P,vj  relation  of  a  real  gas  is  represented  with  reasonable 
accuracy  by  the  relation  '  * 


it  ?  !S  * 


v  =  51  +  b;_  ^ 
P  D  RT 


where  a  and  b  are  constants.  For  this  gas  find  the  change 
in  enthalpy  and  entropy  along  an  isothermal  path  between 
pressures-  Pj^  and  P2.  i'  > 


Solution :  The  change vin  enthalpy  is  given  by  the  second 
term  of  Eq.  (1) 


i  r'\t  *  i  -4 


"  .hl  >T  ’ I  k  V  "  T(  3t) 

*  hr  e>*  v  i  l5*  _  ^  .  P_ 


The  equation  of  state  is  explicit  in  v.  Hence  (9v/3T)p  = 
R/P  +  a/RT2  ,  and  s-  "  t.  r  *  > 


v  *  T(ff)p  -  ¥  ■ + '» -  m;  *(i  +  £)  -  If 
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.Therefore , 


( h 2  -  h j )T  =  (b  -  ||)(P2  -  Pi ) 

„ •  -  1  . 

To  evaluate  the  entropy  change  choose  the  equation 

-T^-'dD/p  "  i; 

because  it  requires  an  equation  of  state  explicit  in  v.  Hence 

y  ^  f  *■ 

(S2  '  Sl)T  =  -(  (g_pdP  =-(  (l  +  ^l)dP 

<  I  .. 


n  -i  n  P  2  a(P2-Pi) 

-  -R  In  5-  -  - - - 

,Pi  RT2 


•  PROBLEM  6-17 


Derive  a  relation  for  the  change  of  internal  energy  of  a  pure 
substance  as  a  function  of  the  temperature  and  specific 
volume. 


Solution:  Note  that 


u  =  u(T,P) 


Therefore 


„  Hi- 


13t)' 


dT  +"(^)  dv 


For  a  pure  substance 


Tds , = ■ du  +  Pdv 


dividing  by  T  Eq.  (2)  becomes 


ds  =  f  +  f  dv: 


Also 


'  (»L  - 


’  ’  .*  I 


and  Eq.  (1)  becomes 
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du  =  ov  dT  +  (!~)t<3v  ,  .. 

i  *  *-.«»-  1 

substituting  Eq.  (4)  into  Eq.  (3)and  rearranging,  gives 


%  r '  *  '(  4  ) 


ds  =  c 


dT  .  [l/3u\  .  P~|  , 

T  5  .  [t(13v)t  „  tJ 


However  the  entropy  may  be  written  as  a  function  of  the 
independent  variables  T  and  v  5 


s  = i  s  ( T ,  v  ) 


■  m 


*  IS) 


Eqs.  (5)  and  (6)  are  the  same  equation.  Therefore  equating 
coefficients  gives 


!  «:  “  r 

.  i  r-  a  «■ 


*■ : ..  1  / 3s\  ,  jjCy  - 

-t*  Ut/  T  i/"  t  r , 


;  ,(7) 


(is)  =  2  17—')  +  p 

\3v/  T  T  v)T  . 


Using  the  Maxwell  relation 


(»)  -m 


and  substituting  into  Eq.  (8)  gives 


}  [isv* 


or  after  rearrangement 


(Hi  ■  *(«).  -  - 


substituting  Eq .  (9)  into  Eq.  (4)  yields 


du  =  c  dT  + 
v 


RlS)  -p] 
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•  PROBLEM  6-18 


Show  that  for 

any  gas  which  obeys  the 

Van 

der  Waals  equation 

of  state 

*  *  rj 

[p  +  £] <v  -  b)  ” 

RT 

(1) 

the  relation 

*  t  ,  , 

/  3u\  _  a 

\ 3v/t  "  vf 

is  true. 

=; 

Solution:  From  the  first  law  of  thermodynamics  :  r 

?  r 

du  -  dq  -  dw 

*  ■  ^1  A  "  '  I1  'f 

But 

w  .  :  ^  d  i  ‘  *  ’  = 

dw  -  Pdv  and  ds  -  -£■ 

.*.  du  =  Tds  -  Pdv  *  < 

Differentiating  Eq.  (2)  partially  with  respect  to  v,  and 
keeping  T  constant,  it  becomes  jj 

(3U)  =  T  flS\  -  P 

\3vl  T  \dv/T 

..  *  ’  -  *  -  ijK''  ,  "  i-  ’  i  i  ’  ) 

Using  the  Maxwell  relation,  t  -  ‘  *  "rt 


Eq.  (3)  becomes 


(S9,  -'(!?) 


85).-'  ' 


v/  T  ^  V 

►.  K  - 

From  the  Van  der  Waals  equation  of j state  (Eq.  (1)) 

*  -  -•  -r  ‘  ~  /3P\  •  -  _  Rj  • 

\3T/  v  v-b 

••••  '  =  k  u  4* 

Rearranging  Eq.  (1) 

=:[p  *4  ? 

Therefore  -  ,,  .  *.r  *  k 
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Therefore 


p 


'P- 


or 


TP  + 


*f  r  t 


*  . 


1 

T 


P  +  ^  .  P 


_a 

V2 


•  PROBLEM  6-19 


a)  Derive  the  expression 

<«.  ■ 

cp-p(P)p  - 

“  > 

I  b)  Calculate  (Cp  -  Cy)  for  A1  at 

25°C . 

Density  of  A1  =  2.702  x 

Mass  of  A1  =  26.98  x  10 

10  3  kg  m 

3  kg  mol~ 

3 

Li 

1 

a  =  69  x  10” 6  K"1 

* 

B  =  1.34  x  10~6  atm” ** 

‘  *  ■ 

- 

•1 

Solution :  a)  The  internal  energy,  E,  is  a  function  of 

temperature  and  volume.  That  is  >  ■  ■ 


(1) 


By  definition,  the  heat  capacity  at  constant  pressure, 

v  '  , 

Cp  =  and  the  heat  capacity  at  constant  volume, 


Equation  (1)  becomes 
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,  c  +  im  (II) 
UtL  '-v  +  U.v/„  Uw, 


(S).  -  (w). 


But,  H  *  E  +  PV 
Therefore, 


(I?)  -  (»).  *'' (8), 


Substituting  this  into  equation  (3)  changes  it  to 

Op *'(8)p-  (8), 

^ '(H),  \m„ 

■  ®,  [  p,  *  §  - 


Solving  for  gives 


cv  ■  cp  -  _p  +  (sy)^  QtIp 

.  f  V  ‘ 

Using  equation  (5),  equation  ‘(2)  can  be  written  as 

S8,  ■>  -['•  ffl)  ,]  p),  *  (H)t  ©p 

•  cp  - r  (8)t  -  (»)T  {(8),  .  (8)  ,(S) 


Hence, 


b)  Since 


- 


Cp  -  p 


■*$  15 


E  =  f ( V,T) 


■  (H)„ " 


3;  i 
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where 

and 


E  =  internal  energy 


V  -  volume 
T  =  temperature 


A'.  - 


f  means  "a  function  of".  * 

v 

But  dq  =  dE  +  PdV 

where  q  =  heat  and  P  =  pressure 


•••  d»  -  (H)„ dT  + 

By  definition,  'l 


P  + 


dV 


Cp 


:: 


CVv  UtJ..  „and  CP 


«  **  *■ 
i) 

V  P 


•f  y 


Divide  equation  (6)  through  by  dT , 


1  fd3\  =  (3E\  +. 

•  ’  '  \il)v  - 


p  +  im 


\3Vyl 


3V\ 


i  r 


or 


cp  =  Cy 


CP  -  CV  “ 


P  + 


{*s\l 

\3V/_  ^Ut/. 


+  fiZ 

\3V/_  \3T 


For  an  ideal  gas. 


.  rr 


.1 


T  * - 


(H)_  .-5 


;  \ 


’  Cp '  ~  Cy  =  [P  4  0]  |  ^  or  Cp  -  Cv  =  R 


V-  ,  *  -J'-.x  Lr 

One  unit -of  P.  -  liter<atm.K  -  mol 


liter  =  volume  = 


mass 


m 


density  P 


K  is  given  by  a  and  atm  is  given  by  B 

.  r  r  _  R  „  a2VT 
•  •  CP  "  cv  -  R  “  ~ 

Substituting  the  respective  Values  into  equation  (* 


i 

(6) 


(7) 


(8) 

)  gives 
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Volume 


26'98  *  I10" 3  Solo 


2.702  x  10 


ho3  lSJs 


r  Ir 

,  ..-6  „-i.2  26.98  xlO-3  ( 298°K ) 

(69  x  10  K  ) _ « _ mole _ 

P'  V  '  ( 1.34X10-.*  atm-1)  .  J  ,2 . 702  *  1<T: *  ^ 


=  10.57  x  10 


-s  m  atm 
mole  K 


.&■  ■■  i  >3U 


=  10.57  x  10  6  m3  atm  mol  1  K  1 


To  convert  the  answer  from  m3  atm  jito  Joules  use  the-  ratio  of 
the  different  values  for  the  gas  constant  R. 

i ...  r  i- -St’-.-jf  1  x  "  d  ■  3»i.. '  -•  *  -  •  -J 


SPECIFIC  HEAT  RELATIONS 


•  PROBLEM  6-20 


Using  the  first  law  of  thermodynamics  obtain  an  expression 
for  the  heat  capacity  C  at  constant  volume  in  the  form 

•  '  «  „ } 


G  =  .m)  (m 

Lv  UvL.Ut/. 


Solution :  The  heat  capacity  C  is ! defined  as  the  temperature 

rise  dT  by  1  degree  when  a  small  amount  of  heat  dq  is  added 
to  the  system.  ^  <  I  t  4  i  l 

"  i  ’  if  ' 

i  •  e. 

.  C  =  dq/dt 


dq  -  dE  +  pdV  =r 

f  v  1  >• . 

t  * '  >;  !  St1 

■  •  ■  •  i.  r 

where  dE  =  small  change  in  Internal  Energy 
P  =  Pressure 

dV  =  small  change  in  volume t 


.*.  C  = 


dE  +  pdV 


(1) 


The  heat  capacity  C  at  constant  .volume  is  obtained  from 
equation  (1)  when  dV  =  0  ~ 

V*  4  i"  »•  «  * 


Thus,  the  internal  energy,  E  is  a:  function  of  both  the  volume 
and  the  temperature.  This  dependence  can  be  written  as 


E  =  f ( V ,T ) 

v  i 

where  V  =  volume  and  T  -  Temperature. 
Differentiating  yields  t  , 

"  "  ‘  “  ^•=‘(H)V  dT^(H)T  dv;«* 

Divide  throughout  by  dT  keeping  E  constant 


•  PROBLEM  6-21 


The  specific  heat  for  ascertain  substance  in  the  temperature 
range  40  to  1800°F,  and  at  low  pressure  is  given  by  the 
following  equation. 


Cp  =  0.1 


T 

10,000 


where  C  is  in  B/lb-F  and  T‘in  °R.  Calculate  a)  The  mean 
specific  heat  Cp  between  40  and  1040  F.  b)  CD  between  40  and 
540  F.  c)  Cp  at  40,540  and  1040  F,  and  d)  h  at  14.5  psia,- 
740  F,  if  h  =  28.0  B/lb  at  14.5  psia. 


Solution : 


The  mean  specific  heat. 


(2 


r  =  i 
P  tT1 


cPd,T 


29^ 


The  mean  specific  heat  Cp  for  the  temperature  range  of  40F 
( 500R )  to  1040F  ( 1500R) ,  is  1  h 


+  10,000 

T i.  • 


0.1(T2  -  T:)  +  100  In  (T2/Ti)  +  (T2  -  Ti)/20,000 
“  T  2  -  T !  _ ~ ” 


if4- 

=  0.1 


100 

T2  -  Ti 


T  2  Tz  +  T l 
T  i  20,000 


(1) 


100  ,  1500  .  1500  +  500 

=  0 * 1  +  1500  -  '500  ln  500  20,000 


0.1  +  0.1098  +  0.1  - 


if 


=  0.310  B/lb-F  ^ 

b)  Substituting  in  equation  (1)  the  values  of  T i  =  500  R  and 
Tz  =  1000  R, 


100  n  1000  .  1000  +  500 
0  =  0.1  +  1Q00  _  500  ln  500  20,000 
H  i![-  .  i 

=  o.l  +  0.1386  +  0.075  =  0.314  B/lb-F 


c)  Substituting  the  proper  temperatures  into  the  given 
expression  for  C  , 

,  .  •  ,  •  • 

-j 


'p,*.oF 


0.1 


500 

10,000 


0.35  B/lb-F 

r  >  ' 


C 


P 


5  4  0  F 


0.1 


c 


p ,  i  o  4  oF 


0.1 


d)  Considering  h  as  a 


+  100  + 

'  1000 

0.30  B / Ib-F 

1000 

10,000 

4-  100  + 

1500 

0.317  B/lb-F 

1500 

10,000 

> 

function 

of  p  and 

1- 

T, 

Letting  subscripts  1  and  2  denote  the  conditions  at  14.5 psia, 
40  F,  and  at  14.5'psia,  740  F ,'  respectively , 


h  2 


hi  + 


hi  + 


dT  + 


dp 


Since  the  pressure  is  the  same  at  states  1  and  2,  the  second 
term  in  the  integrand  is  zero,  so  that 
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h2  =  hl  +  [  CpdT  -  hx  ♦  {  [o. 


i  +  i°o  +  — 

1  T  10 


T 

,000_ 


-  hi  +  0.1(T2  -  Ti)*+  100  In  T*  +  20,000 


=  28.0.+  0.1(1200  -500)  +  100  In  +  (  12°2q[  5,<?,°"~ 

=  28.0  +  70  +87.5  +  59.5  =  245  B/lb 

Note  that  the  definition  of  specific  heat  involves  a 
temperature  difference  or  differential  and  the  units  can  be 
interchangeably  B/lb-F  or,B/lb-R.  =  Tp  +  460.  Therefore 

dTn  =  dT„.  The  size  of  a  degree  is  the  same  on  the  Rankine 
R  r 

and  Fahrenheit  scale  hence  a  change  in  temperature  has  the 
same  value  on  both  scales. 


JOULE  -  THOMSON  COEFFICIENT 


•  PROBLEM  6-22 


a)  Develop  an  expression  for  the  Joule-Thomson  coefficient 
in  terms  of  the  properties  of  a  substance. 

!  “  .  ..  „  r  i 

b)  Derive  a  relation  for  the  Joule-Thomson  coefficient  for 
a  gas,  obeying  the  equation  of  state 

-  f 

Pv  =  ZRT  *  4 


Solution:  a)  The  Joule-Thomson  coefficient  is  by  definition 


'  ,  V  1  ^ 


-m 


h  ? 


Because  s  =  f(P,T)  it  follows  that 


!  i  t  i' 


■  (in: » *  si).- 


Substituting  the  above  relation  into  the  property  relation 

dh  =  Tds  +  vdP 


obtain  * 
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dh  - T  [(H)  T  dp  +  (H)  p  dp 


+  vdP 


or  rearranging 


dh  =  T 


(H)p  dT  + 


Using  the  Maxwell  relation 


\9P  Jrr  UT  )■ 


Eq.  (3)  becomes 


dh  -  T 


(i)p  dT  +  [v  -  T  (H)T 


cp  =  (a?) 


Solving  for  dT  gives 


t dh  + 1  [T  '  v_ 


Since  T  =  f(h,P)  it  follows  that 


■©. 


Equating  coefficients  in  (5)  and  (6)  gives 


_1_  /  3T\ 

C  UhA 


©„  ■  k  t  -  •] 


From  equation  (1)  and  (7) 


"j  ■  <r  |~T  ($?)p  * v 

p  L  p  J 


Noting  that 


1  /3v\ 
“  "  v  \3T/. 
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Eq.  (8)  can  be  written  as 

"  f  *■  i- .  j 


b)  Solving  fori  the  specific  volume  in  the  equation 

Pv  -  ZRT  ‘ 


one  gets 


v 


ZRT 

P. 


(9) 


Differentiating  this  relation  with  respect  to  temperature 
at  constant  pressure  gives  ' 


/ 3v\  _  ZR  RT  / 3Z\ 

*  -\3T "  P  P.  •Ut/'p 

Substituting  into  Eq.  (8)  we  obtain 


and  using  (9),  the  above  relation  reduces  to 


or. 


► 

* 

“rt2 

( 

i 

<  P 

*  fc- 

V3T/p 

\ 

» * 

w  EL! 

CpP^\3T )p 


•  PROBLEM  6-23 


Steam  at  1000  kPa,  350°C,  is  throttled  slowly  to  300  kPa. 
Neglecting  potential  and  kinetic  energies  calculate  the 
average  Joule  Thomson  coefficient  for  this  process. 


■j 


I  ■ 

Solution :  The  Joul e-Thomson  coefficient  is  given  by 


However,  the  average  Joule-Thomson  coefficient  is  required 
and  the  above  relation  can  be  written  as 
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-  V  '  / AT\  T 

VVS  ml 


jph 

?i  «, 


*•  -v 


Since  this  is  a  throttling  process  the  first  law  of 
thermodynamics  gives 


K  _  u 

exit  in. 


From  the  superheated  steam  ,tables  ^ at  T. 

^  i  -  <.  J  -*  • 


P  =  1000  kPa,  T  =  350  °C 


the  enthalpy  is  given  as f  *, 


•f  " 


h  •=  3,157. 7  lk«J7kg 


r 


UiJ'/Kg 

I  *  ' 


Again  from  the  superheated  steam  tables  at  P2  =  300  kPa 
and  h  -  3,157.7  kJ/kg  the  temperature  of  steam  is  obtained 
to  be  H 

y  ? 

e  '  '  '  S"'  ' 

T2  s  338. 7°C 

I’K.  •  •  i  ■  “d  #  ••  v;  ."in  V,  i  tf.fi}  t.  :  *f  ■ 


Then 


AT  *  T2  -  T 1 


611.85  -  623.15 


.  =  .  -11.3°K 


*“■  t  . 


and 


Thus 


AP  =  P2  -  Pi  '  . 

■  V 

=  300  - • 1000 


=  -700  kPa. 

{<  / 


V 


J 


-11.3 

-700 


i 

0. 0161  °K/kPa 
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VOLUME  EXPANSIVITY  AND  ISOTHERMAL  AND 
ADIABATIC  COMPRESSIBILITY 


•  PROBLEM  6-24 


Using  the  relation 


(1) 


and  the  definition  for  the  volume 1  expansivity  a,  derive'a 
relation  between  the  constant  specific  heat  and  the  volume 
expansivity ,  a )  assuming  vari  able  ot ,  and  b )  constant  ot . 


Solution :  The  volume  expansivity  a  is  by  definition 


'1  /3V\  ±  1  ( 3v\ 

a  -  V  \3Tjp  v  \ 3T/ p 

1  ’  %  «•  '  P  , 

a)  Eq.  (1)  can  be  written  as  \ 


(2) 


However 

is 


can  be  written 


as  va  and  so  the  wanted  relation 


(3) 


b)  Assuming  a  =  constant  (3)  can  be  written  as 


but 


-Ta 


P 


V  t  * 


and  so 


-Tva2 
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<  •  PROBLEM  6-25 


a)  Using  the  first  law  of  thermodynamics,  along  with  the 
continuity  equation,  show  that  for  an  isentropic  process 
the  velocity  of  sound  in  a  fluid  is  given  by  the  relation 


-  (!S)i 


b)  Using  the  result  obtained  in  part  (a)  derive  a  relation 
for  the  speed  of  sound  in  a  fluid, \  undergoing  an  isentropic 
process,  in  terms  of  its  density  and  adiabatic  compress¬ 
ibility  B 


wave  front 


control  surface 


Solution:  a)  Using  the  first  law  of  thermodynamics  for  the 

control  surface  shown  in  the  figure  * 


+  ~  =  (h  +  dh;)  +  (C  "v— 


assuming  an  adiabatic  and  isentropic  process. 


Expanding  this  equation. 


>'•  t  "  r  r  2;$l 


C?  CdV  .  dV 


w  i:  v  ,  v-t  v 

h  +  =  h  +  dh  +  -  — 2~  +  f 

cancelling  like  terms  and  noting  that  dv2  is  small  compared 
to  dv,  the  above  equation  reduces  Vto 

dh  -  cdv  =  0,  *  (D 

.  -  t-  •  ■“ 

The  continuity  equation  for  this  control  volume  is  ?  ’ 

pcA  =  (p  +  dp)(c  -  dV )  A  . 

Expanding  this  equation  and  cancelling  like  terms,  it, reduces 


cdp  -,pdv  = '0 


(2) 


Since  this  is  an  isentropic  process  the  property  relation 
between  the  enthalpy  and  entropy  will  be  useful 


rw: 

:  r  , 

Tds  f=  dh  - 

vdP 

J 

.  !  Vi 

;■  t 

Since , 

1 

v  p 

Tds  =  dh  - 

dP 

’’  1  ■*  ■! 

7 

P 

i 

For  ds  =  0 

H  ■ 

L  . 

1  r 

dh  -  SE  = 

P 

0 

(3) 

Combining  (1)  and  (3)  gives  the  relation 


,  ,  ™  -  cdV  =  0  (4) 

solving  for  dV  in  both  (2)  and  (4)  one  has 


and 


dv 


dP 

Pc 


Combining  these  two  equations  the  following  relation  is 
obtained  <  ' 


cdp  _  dP 
'  P  pc 


Therefore 


(5) 


But  since  the  process  is  isentropic  the  above  relation  is 
better  written  in  the  form  of  a  partial  derivative 

m  .*■ 


.  •  /3P\ 

■  "  ^pjs 

b)  Consider  Equation  (5)  in  part  (a)»  From  elementary 
calculus  and  the  fact  that 


it  follows' that 


dp 


1 


dv 
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Substituting  this  relation  into  (5)  for  dp, 

<*  =  -v2  }■,, 

I]  '  '( 

or  in  partial  differential  form 


C2  =  —  v2  (|£Y 

\a  vj  ■ 


The  definition  of  the  adiabatic  compressibility  is 


0  1  /9vV 

6s  =  “  v  Up/  r  -  vl'i 

s 

* 

But  the  reciprocal  of  3  (the  adiabatic  bulk  modulus  B  ) 

s  u  .  s 

^  ■  •  *  $  ..  r  *'  ;■ 

given  as  ^  t  t  ■  s  4  * 

•„x  *  •  ;  '  /3P\  k  v  -  •  '  , 

•  ^  1  Bs  '  •  - 

1  i  5  •  •  r  ..  |  W  l'  '  *  " 

Substituting  (7)  into  (6)  onerobtains_>  *  ,  -  / 

•  _i  1 

•  O2  =':B  v  =•  B*  V,  .  .  ,*■  • 


and  thus 


n  -  1  * 

s  = 

i  -  ft- 


,P  '■<* 


.  i  ’ _ * 


c  =  /l/60p 

o 


EQUATIONS  OF  STATE 


•  PROBLEM  6-26 


A  certain  substance  obeys  the  van  der  Waals  equation,  and  its 
constants  a  and  b  are  known.  Name  six  types  of  properties 
or  coefficients  that  may  be  calculated  for  this  substance, 
using  the  above  information.  f  1 


Solution:  If  van  der  Waals  forces  are  included  the  equation 


used  is 


4 


-  '  U:  C  v 


i  » 


where  P  =  pressure 
n  -  moles 


nRT 


V  =  volume 
a  and  b  -  constants 

R  =  gas  constant 


T  =  temperature. 

1  *  J  •  %  J  ■  v  .  !5  *  .  ,  .  .•  +: 

Looking  at  the  above  equation  it  is  possible  to  compute  (a), 

P,  V,  or  T  if  the  other  two  are  known.  (b)  Its  critical  * 

point.  At  the  critical  point  the  P,  T  and  V  in  the 
equation  are  replaced  by  Pc»  Tq  *and  Vfi,  respectively. 

P  is  the  critical  pressure,  V  ,  the  critical  volume,  and 

T  ,  the  critical  temperature.  Since  the fvan  der  Waals 

constants,  a  and  b  aretknown  it  is  possible  to  express  the 
critical  pressure,  temperature  and  volume  in  terms  of  these 
constants.  Thus 


V  =  3b;  P 
c  c 


8a 

27bR 


c)  The  vapor  pressure  of  the  liquid;  d)  Compressibility 
factor,  Z. 

P  V  j 

Z  is  written  as  -c;  e)  The  heat  of  vaporization; 

c 


f)  Coefficient  of  thermal  expansion. 

-  *  C 


•  PR08LEM  6-27 

Determine  the  numerical  values  of  (3V/3T)p  at  140°F  and  a 

specific  volume  of  2.100  cu  ft  per  lb  for  (a)  a  perfect  gas 
with  a  molecular  weight  of  70.9,  and  (b)  a  van  der  Waals  gas 
of  the  same  molecular  weight  for  which  a  =  4.88  (psi) 

(ft 3 /lb)2,  and  8  =  0.0127  ft3/lb. 


Solution :  a)  For  a  perfect  gas,  (3V/9T)p  =  b/P  =  bV/bT  =  V/T 

(3V/3T)  =  2.100/(460  +  140)  =  0.00350  ( cu  ft  per  lb)/°R 

•  I.-  1  .. 
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b)  For  the  van  der  Waals  gas, 


10  73  '' 

b  =  “Trf’o-  =  0.1514  (psi)Ccu  ft  per  lb)/°R! 


Therefore 


(3V/3T)  —  bV  ( V  -  8 ) _ 

9  }P  bTV 3  -  2a (V  -  B)2 

_ (0.1514)  ( 2 . 100 )  3  (2.100  -  0.0127)  " 

(0.1514)  (600)  ( 2 . 100 ) 3  -  2(4.88)  (2.100  -  0.0127) 2 

2 . 925  * 

=  841.0  -  42.5  =  0*00366  (cu  per  lb)/°R. 


^ _  -  •  PROBLEM  6-28 


A  gas  obeys  the  van  der  Waals  equation,  with  P  =30  atm  and 

c 

Tc  =  200°C .  The  compressibility  factor  PV/RT  will  be  more 

than  one  (at  P  =  50  atm,  T  =  250°C;  at  P  =  1  atm,  ,T  =  100°C; 
P  500  atm,  T  -  oOO  C;  none  of  these).  Calculate  the 
van  der  Waals  constant  b  for  this  gas. 


Solution:  For  a  compressibility  factor  greater  than  uni  tv 
P  =  500  atm  and  T  =  500°C  (that  is  the  hipSes?  P  T)  /re 
chosen.  The  constant  b  =  V  /3.  It  is  known  that  ® 


PcVc  =  (27b2) ( 3b) 

RTC  P  (  8a-  ) 

.  R \ 27Rb/ 

"  *  f  .4  i 

for  a  van  der  Waals  gas.  Therefore, 


. "  ..  v  {  <1- 


3RT  '!i 

V  =  _ C  _  (3)( ;082)(473°K) 

c  8P  03)  (30  atm) 


V  -  0.4848  and  b  =  °._4848  ='0.162  liter /molei  - 
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•  PROBLEM  6-29 


The  van  der  Waals  constants  for  gases  A,B,  and  C  are: 


Gas  a,  liters2 -atm/mole 

4.0  0.027 

12.0  0.030 

6.0  0.032 

Which  gas  has  (a)  the  highest  critical  temperature,  (b)  the 
largest  molecular  volume,  and  (c)  most  ideal  general 
behavior  around  STP? 


Solution:  The  van  der  Waals  equation  is 

(p  +  7f)(v  -  nb)  ■ nRT 

where  P  =  pressure 

T  =  temperature 
V  =  volume 
n  =  number  of  moles. 

a  and  b  are  van  der  Waals  constants. 

(a)  It  is  known  that  T  ,  the  critical  temperature  is 

proportional  to  the  ratio  a/b  .  Computing  the  a/b  ratios 
for  the  three  gases  yields: 

for  gas  A  0^027  =  l48*15 

for  sas  B  =  400 

for  Sas  C  07S§2  =  187-5 

Since  the  ratio  for  gas  B  is  the  largest,  gas  B  has  the 
largest  T  .  This  question  could  have  been  answered  by  mere 

inspection.  It  can  be  seen  that  the  constant  b  has  almost 
the  same  value  for  the  three  gases.  So,  the  larger  a  value 
means  greater  intermolecular  forces.  A  larger  Tc  would  be 

needed  to  overcome  them.  Since  gas  B  has  the  largest  a 
value,  its  T^  will  be  the  largest. 

(b)  The  constant  b  is  proportional  to  Vc  .  Therefore 
gas  C  has  the  largest  V  . 

(c)  The  b  values  are  almost  the  same.  Therefore  ideality 
will  be  determined  by  the  a  values.  Looking  at  the 


A 

B 

C 


,  liters/mole 
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original  equation,  it  can  be  seen  that  it  is  near  ideality 
for  values  of  the  constants  close  to  zero.  Since  gas  A  has 
the  smallest  a  value,  it  should  be  the  most  ideal  in 
behavior.  Remember  that  for  ideality,  the  expression  is 
PV  -  nRT.  S- 


•  PROBLEM  6-30 


Some  P-V  plots  are  shown  below  for  a  gas  that  obeys  the 
van  der  Waals  equation.  Calculate  the  constants  a  and  b 
for  this  gas.  Since  your  calculation  is  necessarily 
approximate,  it  is  necessary  to  show  very  clearly  just  how 
you  have  obtained  numbers  from  the  graph  below  and  how  you 
have  used  them.  Give  the  units  of  a  and  b  also.  (HINT: 
The  300°C  isotherm  is  closest  to  critical  point.) 


Solution :  Since  this  problem  requires  approximate  values,  it 

is  not  necessary  to  interpolate  or  extrapolate.  For  the 
purposes  of  the  problem,  the  300°C  isotherm  (which  is  the 
closest  to  the  critical  point)  is  good  enough. 

Isotherm  means,  for  any  pressure  and  volume  on  that  line,  the 
temperature  remains  the  same  (300°C  in  this  case).  The  terms 
Pc  and  Vc  can  be  estimated  from  the  point  of  inflection. 

Therefore  P  £  130  atm,  V  £  90  cm3 /mole  and 
c  c 

T  =  300°C  =  573°K . 
c 

For  a  van  der  Waals  gas,  V  =  3b  and  P  =  -xvt  -2-  . 

C  C  Z  4  V 

A  system  of  two  equations  and  two  unknowns  can  now  be 


30? 


present  ed . ,  Thus , 


%•-  -  r  u  r  *  s.f  .  ♦- 

.i  i  ;  ,r  f  90  =,  3b  t; 

?  '•  ?  r  t  f  ..  » .  r  * 


I-'-  '  ♦.  a*  3  j  »••• 

j  ■■ -f 

>  •  Cl) 


130  ■  W 


From  Cl)  b  90/3  -  30  cm3/mole.  Substituting  this  value 
into  ( 2 ) .,  ■  f  v 


„  r.  -q  x  r 


-+'*  ■'I.,  Q 

,5?°  .=  27x30*  ’ 


v;f  •  •&,  ti  -  i\t*  ■  t  ’  \  -t»<  •“.* 

"i  a.  =rC  130  27v,x '302  )cc2\atm/mole2 

•••.  •>:$  JU  .  :i:  *  -  •■*  *  I  * 

f'.-  ,  •  =  3159000  cc2  atm /moles  2 

'.cvlfj  -i  p;  ,  ■  *  , 

■■■  ir,  -  =  3.16  x.  lo6  cc2  atm/moles2. 


/  j  l  •  PROBLEM  6-31 


Express  the  Boyle  temperature  of  a  van  der  Waals  gas  in  terms 
of  the  constants  a,b,  and  R.  >  The  final  expression  for  T_ 

..  t  ■  O 

must  contain  only  a,b,  and  R.  /  j 


Solution :  It. is  not  easy^to  rearrange  the  van  der  Waals 

equation  into  the"  virial  form,  which  would  allow  T_,  to  be 
.  >>  f  -  '  ‘  •  4 .  ?  \  B 

evaluated  by  inspection.  Therefore,  the  van  der  Waals 

equation  to  be  used  is  \  v  ! 

.  f 

"  "**  t  p T  _TnRT .  *  P_n2a  '  ' 

-  V-nb  t  ▼  ? 


where  P  =  pressure,  V  =  volume,  n  =  number  of  moles, 

T  =  temperature  and  R  =  gas  constant.  Multiplying  both  sides 
of  equation  ( 1 )  by  V  gives 

.  j  „ :  .*  &■  •  .  ..  *  r  n.  i  r..  y<-,  .<•  *  .  r 

..t  '  PV:=  nRT (v^b)-  T^r:.  <2) 

V*  t:  *  ,  ■  •  *  i..:,  *  A  '  t 

Differentiating  equation  C2)  partially  with  respect  to  P, 
keeping  4Tj  ’constant,  gives  '$  ■  .  * ■  ■ 

*;s-f  .  I ,  fit*  f- 

.J  t  '?'* 3(PV)\  _  r nRT  ■  ’  nRTV  ;n2a|/9V\  =v" 

\  9P  /T  7  Ly-nb  ^'CV-nbT7  V2J  \  3P/t  .  {  * 

3  C  PV  71 

At  P  =  0,  ~p — J  =  0.  Therefore,  ^  .4, 


008 


nRT 

_V-nt 


nRTV 


nb  (V-nb)2 


'*  #|  SB,  ■  ? 


(4) 


Under  all  conditions  (  3V/ 3P),p;  <  0 ;  therefore,  the  expression 
in  square  brackets  in  equation  (4)  must  equal  to  zero.  That 


is 


nRT 


nRTV 


!V  '■'< 


n 


=  0 


.  V-nb  >  ( V-nb)2  i;-  ,  V2 

^  .  <  £  «  f  .  r : 

Multiplying  equation  (5)  through  by  V2(V-nb)2  gives 


nRTV2(V  -  nb)  -  nRTV 3  +  Tn2a(V  -  nb)2  -  0 

>!•  a. 

V**  1  '  '  I  •  ^  .&-■ 

nRTV 2 (V-nb)  -  nRTV3  =  -n2a(V-nb)2. 


(5) 


or 


Therefore , 


.  f 

>  a  ■ 


-  S[‘  -  • 


(6) 


At  the  Boyle  point  T  =  T',  P  =  0  *  and  V  =  so  RT_  =  a/b 

■  ■  ■  r  ,  •  ,  .=  'v  P  ./  \  v.  4.  /  ^  •  ■ B  1 

or  ■!  *• 

m  _r_a_  ii  •  ‘  "«*••  ;,1‘ 

•  ’  .  B  Rb  * 

*.  •  ’>  *k 

Another  method  of  doing  this  is  to sset  n/V  =  c.  So,  the 
van  der  Waals  equation  of  state  becomes  11 


P  =  °S*_  -  ac2 


1-bc 


From  equation  (7), 


•sj  -  •  ■% 


4.J-  :4  *  J  f|- 


*  r —  ■  .1  — \ 

pv  =  n\j=^  -  a^| 


(7) 


(8) 


Using  the  chain  rule  to  differentiate  equation  (8)  partially 


to 

P  gives.  *"\r  . 

S'  ■ 

*  ** 

)T=( 

'3(PV)\  */3c\  _ 

^  3c  /  rp  '  3P/  rp 

[TbRT 

nLTi- 

it  *- 

/  3cN 

\  -  1  ..  -  | 

fizr1 

\3P, 

'  T  (3P/3c)t  '• 

T1 

v  at 
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/9P\  _  r bcRT  ■  .  .  RT  -  0 

UcL  L(l-bc)2  +  sl-bc  .  2a^ 


-i  -i 


(10) 


Observe. .that  equation  (10)  reduces  to 

i 

)  4  *  *  *  V  4  • 

RT  as  P  •+•  0  and  c  *►  0  or 


(H)T  ■ 1/RT  • 


Since  1/RT  ^  0  and  n  #  0,  the  term  in  the  square  brackets 
in  equation  (9)  must  vanish  at  e  «  0  and  T  =  T  .  That  is 
.  V  i  ,  ’  B  ’ 


bRT  -  a  =  0 
f  -  ;=  B  ^ 


Solving  for  Tg  changes  equation  (11)  to 


T  - 
B  bR  * 


(11) 


•  PROBLEM  6-32 


What  is  the  work  needed  to  compress  methane  in  a  compressor 
from  an  initial  pressure  of  1  atm  to  a  final  pressure  of 
100  atm,  at  a  constant  temperature  of  25°C.  Use  the  van  der 
Waals  equation  of  state. 


Solution:.  From  the  van  der  Waals  equation  of  state 

RT  a 


P  = 


V-b  ..  V2 


Differentiating  Eq.  (1)  gives  ( 

dp  =  [-TvTFji-  +  ft]  <*v 

For  the  shaft  work,  w  *  » 


‘  '  rP*2 


-  w  = 
s 


Jpl 


vdP 


fVa, 

Vi 


r  rt  f,: .  2a~i 

L  (V-b)2  +  V?J 


dV 


(1) 


(2) 


(3) 


Integrating  Eq.  (3),  obtain 

nfc!  -  f(vh^  v^)  +  2a  (£  -  £)'<4) 


=  RT  li 
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The  van  der  Waals  constants  expressed  in  terms  of  atm,  ft3, 
lb-mol,  and  °K  are  given  as 

a  =  581.2 

b  =  0.6855 

The  gas  constant  R  is  (in  the  same  units  as  above) 

R  =  1.3145 

The  solution  is  a  trial-and-error  one.  After  solving  in 
Eq.  (1),  the  values  of  Vi  and  V2  are  found  to  be 

Vi  =  391  ft3 

V2  =  3.16  ft3 

Substituting  these  values  into  Eq.  (4)  gives 

w  =  -1731  atm-ft 3 /lb-mol 
s 

=  -4720  Btu/lb  mol 

The  negative  sign  indicates  that  work  must  be  put  into  the 
compressor. 


•  PROBLEM  6-33 


Estimate  the  pressure  which  would  be  exerted  by  8.2  lb  of  CO 
in  a  1-ft3  container  at  -78°F,  employing  (a)  the  ideal-gas 
equation,  (b)  the  van  der  Waals  equation  of  state,  and 
(c)  the  Redlich-Kwong  equation. 


Solution :  The  temperature  of  -78°F  is  equal  to  382°R.  The 

specific  volume  of  the  gas  is  1/8.2  =  0.122  ft3/lb. 

a)  The  pressure  is  computed  directly  from  the  ideal-gas 
equation  as 


RT  _  1545(382) 

v  28(0. 122 ) ( 144 ) 


1200  psia  =  81.7  atm 


b)  The  constants  for  the  van  der  Waals  equation  are  found 
from  tables.  For  CO  we  find  that  a  =  372  atm- ft 6 /( lb-mol ) 2  and 
b  =  0.63  ft3/lb-mol.  In  this  system  of  units  the  value  of 

R  will  be  0.730  atm-ft 3 /( lb-mol )( °R) .  In  addition,  the 
u  . 

specific  volume  to  be  used  is  0.122(28)  =  3.42  ft  /lb-mol. 
Substitution  of  these  values  in  the  proper  equation  leads  to 


=  RT 
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!  '  ,  P  •  .  '*r<79i  "H  «  .  *  ■  •’ 

|_p  +  f37iiyijf3-42  -  0.63)  =  0.73(382)  .  _  . 

The  solution  of  this  equation  gives  the  pressure  to  be 
68.2  atm. 

c)  The  specific  volume  is  3.42  ft3  /lb-mol  and  the  temperature 
is  382°R.  The  constants  a  and  b  are  found  from  a 
constant  conversion  chart  to  be  5870  atm  (  f  t 6  )  (R)1/2  /  (  lb-mol  )  2 
and  0.4395  ft3/lb-mol,  respectively. 

Making  the  proper  substitutions,  * ~  ^ - 


v  -  b 


T1/2v(v  +  b) 

a  >  * 


0 . 7  3  ( 382  )  ■  _ *•  5870  •  _ 

3.42  -  0.440  ~  (382)1/2(3.42)(3.42  +  0.440) 
-  *  ■■  ,  t  -i  •  ,  *  * 

=70.8  atm 

li’  -i-l  34 

i-  •  ’  '  k  *  ,  .  g?S»  '  t;:  -j.. 


•  PROBLEM  6-34 


a)  Estimate  the  Boyle  temperature  for  a  certain  non-ideal 
gas  whose  equation  of  state  is 

-w  *J  n  'i  A  .'W 

:  PV  =  RT  +  APT  -  BP, 

_  }  V  .  *.  >  9  . 

*  r‘‘  V  •  ■  i  L  ■  ‘  • 

where  V  is  the  molar fvoiume  and  A  and  B  are  constants. 

b)  Determine  whether  this  gas  has1  a  critical  point. 


Solution : „  Rearranging  the  equation  PV^=  RT  +  APT  -  BP  gives 

V  1  *  PV  APT;  +  BP  =  RT  ,  "  •  v' 

or  -•*  4  -t  •  ■  i  \  i  :  t  *- 

P(V  -  AT  +  B)  =  RT  . 

Solving  for  P  yields  ^  ■ 


k  ’  rM  M 


P  S  - 

V-AT+B 


V  ( l-( AT /V)  +  (B/V>) 


V(1+(B-AT)/V) 
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At  the  critical  point  (dP/ZV)  «  0  and  (32P/9V2)_  =  0. 

-  ,  f  i  »•  *  '  1 

The  right  hand  sides  of  (4)  and  (5)  can  only  be  0  %  if 
T  =  0  or  V  -  AT  +  B  is  infinite.  Therefore  this  gas  does 
not  have  a  true  critical  point.  •• 

t  -  '•  ’  :  *  tV  ^ 

i  .  t  4  »  ‘  k  ; 

•  PROBLEM  6-35 

At  high  pressures  and  temperatures  a  quite  good  equation  of 
state  is  P(V  -  nb)  =  nRT,  where  b  is  a  constant,  l;  Find 
(3V/3T)p  and  (3V/3P)T  from  this  equation  and  hence  dV 

in  terms  of  P,T,V-nb,  dT  and  dP! 

'  ;  f  1  ■'  (  "  ’  .. 

Expanding  the  given  equation  of  state, 
nRT ,  gives  PV  -  Pnb  =  nRT  and  rearranging  to 
V  gives  -  -  -  .  *.  ■;» • 

.  t  .  i 
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Solution : 
P(V  -  nb)  = 
solve  for 


V 


(1) 


{  s 


nRT 


+  nb 


where  V  —  volume,  n—  number  of  moles,  P  =  pressure,  R  =  gas 
constant  and  T  —  temperature.  Differentiating  equation  (1) 


l>  ' 


But  P  = 


M  .  i  W  r,  -  -  ( 3V\  _  nR  ’  , 

\3T  <‘P- 

nRT  '  *  t 

vTHb  *  Therefore,  | 


;  P 

►  ■ 

constant 

% 

yields 

nR 

*"  P  - 

j 

(2) 

t  • 

a;  ■ 

nR 

fnRT  1 

Lv-nbJ 

=  x  (v  - 

nRT  lV 

nb) 

\ 

V-nb 

T 

*  ‘ 

(2a) 

)  -  ***£ 


Note  that  the  subscript  P  signifies  that  the  pressure  is 
being  held  constant  while  equation  (1)  is  being 
differentiated.  Now,  differentiating  with  respect  to  P  and 
holding  T  constant  gives 


:  r  -  ti 

i : 

lit' 

A 

_ 

i  J  *  >  ft 

(«);  - 

nRT’^?_  - 
P2 

m 

i 

p. , 

* 

A 

(3) 

Observe  that  equation  (1)  can  be  rearranged  to  give 
V-nb  -  — p-  .  *  ' i 

Therefore,  ...  , 

-  *  "  /  nRT\  1  _  +  ,  ,  l 

Up)t  "  ■  l~i  p  -  -(v  -  nb)  p 

t'  4‘  9-'  j|  ' 

Volume  as  a  function  of  pressure  and  temperature  can  be 
represented  as  ..  >  *  .  • 

"  . .  “£  ;  ..  .. '  .  i  r'  ' 

V  =  f  (  P ,  T )  ’  ■  >  ■  * 

If  the  volume  is  a  property  of  the  system  for  which 
P(V  -  nb)  =  nRT,  then  it  has  an  exact  differential, 

-  •  4  .  la  :  '  ^  ..  i  *  I  Vr.:  I  ■ 

*  (  i  *  '  1 J  .  ,  L'  *  •  '  V 

using  equations  (2a)  and  (3a),  equation  (5)  becomes 


(3a) 


(4) 


(5)  - 


dV 


V-nb\ 


JT  - 


V-nb\ 


p -j dp  +  (np;  «■ 

“  ■  Vi"‘  4. 


?  ■! 


f  *  ?]. 
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•  PROBLEM  6-36 


Determine  the  equation  of  state  for  a  certain  hypothetical 
gas  whose  thermal  coefficient  of  expansion  is 


•  -  j©  - 


cp\  <cp/cv)-1 


and  the  coefficient  of  isothermal  compressibility  is 


1 /3V\ 

yUp/. 


In  this  problem,  assume  that  Cp,  Cy,  ki  and  k2  are 


constants . 


Solution:  If  temperature,  T  and  pressure,  P  are  'chosen  to 

be  independent  variables,  then,  volume,  V  is  some  function 
of  T  and  P.  Thus, 

IS  **  *  '  '*■ 

V  *  f (T,P)  . 

Writing  the  change  in. volume  in  differential  form  gives 


-  ® 


The  quantities  and  (||)  can  be  determined  using  a 


and  $ 


“■5©  =«.(=!)’ 


cp\  m(cp/cv)-1 


(I?)  ■ 


kiCpT  (Cp/CV)_1  V 


o  _  .1  /9V\  =.k2 

p  V  \  9P/  m  P 


(*X)  = 

\8P/  rr> 


-k'iV 
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Substituting  equations  (2)  and  (3)  into  equation  (1)  yields 


'  dV  •= 


Cy  *  J 


dT  t-  —  dP 


dV  'S  TCCp{CV)_1  dP 

tt  i  T  dT  “  k  2 

v  Cy  <  p 


r  " 

Integrating  equation  (4)  gives 


^y  ^p^y 


In  V  =  kl  '  .  ^  T 


-  k2  In  P  +  constant 


cp/cy 

In  V  •=  kjT  -  K2  In  P  +  constant 


k2  . 

P  V 


=  k  exp  ^kj 


T^Cp/C, 


Hence  the  desired  equation  of  state  is 


k2  /  C  /Cy 

P  V  =  k  exp  IkiT  v 


An  equation  of  state  due  to  Dieterici  is 


P(V  -  nb*  )exp  =  nRT 


•  PROBLEM  6-37 


Evaluate  the  constants  a'  .  and  b*  in  terms  of  the  critical 

constants  P  ,  V  ,  and  T  of  a  gas. 
c  c  c 


Solution ;  Rearranging  equation  (1)  to  solve  for  P  gives 

•  ~t  A 

•  T"\  _  nRT  *  na'^/RTV  . 

y  “  V  -  nb ' e  *  1 

For  1  mole, 

d  -  RT  „  a ' /RTV 

p  y  -  b‘  -  (2 

where  P  =  pressure,  R  =  gas  constant,  V  =  volume  and 
T  =  temperature.  Differentiating  equation  (2)  with  respect 
to  V  gives  ... 
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(3) 


and 


dP 

dV 


V  -  b' 

■  r 


a*P 
RTV  2 


d2P  _  a 1 2  Pt*  2a 1 P 
dV 2  ”  C RTV 2)2  ”, RTV3 


(4) 


At  some  point  on  a  P-V  diagram,  the;  curve  is  horizontal  and 
this  part  can  be  mathematically  expressed  as  dP/dV  =*  0. 
Also,  the  highest  temperature  (maximum)  at  which  such  a 
horizontal  line  can  still  exist  is  called  the  critical 
temperature  and  at  this  point 

•*  •"  d  2P 


dV2 


they  can  be  rewritten  as 


0  =  - 


0 


V  -  b 

a 1  2P 
(RTV2)2 


7*  H.‘ 

0  •  1  v 

a.  . 

"""  . 

;  for  ^equations 

’  v  b  %  / 

( 3 )  and 

(4), 

a’P  i . 

RTV2  , 

.*1:  .  *  .  .«&'  ' 
4'. 

'  (3a) 

-  p  ^ 

i. 

.  2a»:p  r  " 

”  RTV  3  J 

'  f 

(4a) 

Since  there  are  two  equations  and  two  unknowns,  the  equations 
can  be  solved  simultaneously)  Simplifying  equation  ( 4a) , 
it  becomes  ’  ^  j 

t 

2P 

RTV7 


a' 


/  t\ 

/  a'P  2P  i ^  _  n 

R2T*V4  ”  RTV3/ 


From  this,  observe  that  there  are  two  possible  values  for  a 
That  is,  a’  =  0  and  a'  =  ^RT^."  The  trivial  solution  is 

discarded,  so  that  a’  -  2RT  V  .  Putting  this  into  equation 

-  (T*  W  -•  S  /  t  fc.V  «  '  •  ,,  ► 

(3a)  gives  -  ..4;. 


0  =  - 


Vc  b 


2RT  V  P 
c  c 

RT  V2 

fc  c  ,c 


or 


0  =  - 


From. this. 


P  +  2£  p  (.  __i _ 

V  -  b'  V  F  l  V  -b' 
c  c  \  c 

f  '  •  '■{  :•*  *  p  t  - 

-rV  +  l  -°  or 

c  c 


it 

•V-!i  , 
-VC- 


+3 


vc-b 


(5) 


The  reciprocal  of  equation  (5)  is 


*  V.  .  a  ■  *  ■  --  v 

vc  -  b-  =  4 


V?  '  ■*  •  •• 

,  r,  ■  ••  .4,  % 
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_b'  -  —  -  V  =  -  — 
2  c  2 


b.  = 


•  PROBLEM  6-38 


Consider  an  equation 

of  state  in  the  form 

4 

•<*>  p 

f  RT  '-A/RT3/2V  . 

v  -  b  *  e 

i 

for  an  arbitrary  gas. 
given  by 

Show  that  the  critical 
-  i  <.  - 

constants  are 

> 

T  J  A  \2/3 
c  ..  1 4bR/ 

;  T  „/*  ■ 

.<  ■  >  <b>’*V  •=  2b 

c  " 

and  ’p  "1  5?A  \2/3  e-2 
c  b\ 4bR/ 

«  * 

?! 

Solution : 


U  £ 


-a/rt3/2,v 


“  (V  -  b)  >  “ 

*  i  •  1*.*  .  !  -  ^  ■  *  •  .  * 

Differentiate  equation  (1)  twice"  with  respect  to  V  at 
constant  temperature ,  T  to  generate  two  new  equations . 
That  is, 


/3P\  _  _ RT 

'awT  cv  - 


-A/RT3/2  V/ 


(V  -  b) 


f _ _ — —  _ i _ ) 

VrT3/2  V2  (V  -  b)/ 


fiiP)  =  f" _ A_  _  3  1  r  -1  +  A 

Vgv2/T  |LrT3/2  V2  (V  -  bj  |_( V  -  b)2  RT3/2  Vi 


<v  -  by,  [r 


rt3/2  V3  (V 


_i _ 

-  b)L 


-a/rt3/2  v 


The  first  and  second  derivatives  disappear  at  the  critical 
point,  therefore  _  . 
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0  and 


0 


y  * 


From  equation  (2),  since 
then 


3/2  — 

RT  -A/RT' '  V 
— — -  e 

(V  -  b) 


can  not  be  zero, 


rt3/2  V2 

c  c 


V  -  b 
c 


=  0  . 


(4) 


In  equation  (3),  the  first  term  is  also  zero;  consequently, 
the  second  term  will  disappear  only  when 


-2A 


=  0 


RT372  V3  (V  -  b)z 

CD  C 


Dividing  equation  (4)  by  equation, (5)  yields 

1 

c  (Vc  -  b) 


A 

V 


f 


(5) 


2( V  -  b)  =  V 
c  c 


2V  -  2b  =  V 
c  „  .  :  c 


and 

-  ‘  _  V  -  *  *  •<  • 

V  -  2b 
c 

Substituting  equation  (6)  into  equation  (4)  gives 

A  1 


RT3/2(2b)2  2b  “  b 


_ -A _ 1  =  Q 

RT3/2  4b2  r  b  ' 
c 


=  0 


V 


Rf3/2  4b2  -  Ab  =  0 

C  k 


RT3/2  4b  -..A  =  0; 

"  •  y  •» 


,3/2 


4 

* 

"K» 


(6) 


4bR 


or 


\4bR/‘ 
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Derive  the  relations  between  the  constants  a,  b,  and  R  of 
the  Berthelot  equation,  f 


4  v  (V  -  b)  TV2 

and  the  critical  parameters.  Express  the  equation  of  state  in 
terms  of  reduced  variables. 


Solution : 


(V  -  b)  TV2 

Taking  the  first  derivative  with  respect  to  V  at  constant 
temperature  gives 


;  (^) 

Vav/, 


(V  -  b)2  TV3 


The  second  derivative  is 

/a2P\ 


\9  V2/ , 


2RT  _  6a_ 
(V-  b)3  ►  TV- 


Applying  the  critical  isotherm  conditions,  that  the  partial 
derivatives  with  respect  to  volume  at  constant  temperature 
is  zero,  equations  (2)  and  (3)  become 


/3P\  =  _ _ 2I 

\3  V/  (V  - 


+  2i_  m.  0 

-  b)2  TV3 


/3  2  P\  _  _ 21 

\avVm  <v  - 


2RT  6a 


=  0  . 


b)3  TV‘ 
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(5) 


Solving  equations  (4)  and  (5)  simultaneously  yields 


V  -  b  V 
c  c 


3( V  -  b)  =  2V 
c  c 


3V  -  3b  =  2V 
c  c 


3b  =  V 


b  =  V  /3  . 
.  .  c 


Substitute  b  =  V  /3  into  equation  (4)  and  solve  for  a. 
That  is,  c  * 


-RT, 


1 

2  a 


(v  -  V  /3  f  T  V 
\  c  c  /  iC 


=  0 


or 


2aV2  C 1  -  4)2  -  RT2  V3  -  0 


*4 


m3 


r.  c  *.c 


2a  = 


'RT2  V3 
c  >c 


4.  V2 
3  C 


2a  = 


9rt2::v 
c  c 


'  3 


a  = 


9RT  z-i<  V 
C '  c 


(5) 


Substituting  a  ■=  9RT2  V  /8  and  .i  b  =  V  /3  into  equation  (1) 
.  C  C  i-  c 

gives 

'  ?  '  RTC  i  9RT  2V  ~ 

p  -  _ _ _ _  _  — -V 

4...  ..  .  .  „  ,  c  ,  fv  —  V  I3\:$ - — -  •  *  ..*■  »••’*  -  *-• 

v  >i>  **<lr**  f  ♦  \vp  v  ^ _ , 

c  c  ,  (T  )(V2) 

C  C 


* 


RT  *  9RTZ  V 
c  -  c  c 


V  (1  -4)  8T  Vz 

C  3  C .  C 


RT  9RT 

C  C  ?■ 

-  -j  _  'i  - 

T  V  8V 

c+  C  #' 


Pc  = 


3RT  9RT 

_ c  _  _ c 

2V  '8V 
c  c 


i  ! 


*■  12RT  -  9RT  ' 
_  c _ c 

8V_ 


P  = 

C 


3RT 


8V 


and 


R  = 


8P  V 
c  c 

3T 


Substituting  R  =  8P  V  /3T  into  (5)  gives 

0  0  c 


a  = 


9(8P  V  )T 2  V 

c  c  c  c 
__ 


or 


a  =  3P  V2T 
c  c  c 


Now,  define  the  reduced  variables  as  tt,  0  and  9  ,  correspond¬ 
ing  to  reduced  pressure,  volume  and  temperature  respectively. 


*  '  '  P 
-  P 


(6) 


(7) 


and 


e  = 

T 

c 


(8) 


From  equation  (6)  P  =  ttPc  and  from  equations  (7)  and  (8) 
V  =  4>V  and7,  T  =  0T  respectively. 


Substituting  P  =  ttP  ,  V  =  0V  'T  =  9T  ,  R,  b  and  a  into 

!  V/  (  w  s  C  C 

equation  (1)  gives  j  1 

8  P  V 

_ C  2  ,/  anp  _ 

3Tr  K  c}  f  3P  V2  T 
C  c  c  o 


ttP  =  _ 

c  0V  -  V  /  3 


0T  02  V2 
c 


8P  V  0T 
c  c  c 

3Vc(^-T> 


3P 


8P  0  '  3P  ^ 

TTP  =  - £ 

"  3C  0-i)  60 2 
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or 


=  80 _ 3  -  « 

71  30-1’  002 

Equation  (9)  is  the  equation  of  state  in  terms  of  reduced 
variables.  ‘  ?:l 

1  •  :  • 


•  PROBLEM  6-40 


Carbon  dioxide  is  assumed  to  follow  the  equation  of  state 

(p  +  — ~Vv-m)  =  RT 
V  V2T  V 

•j 

where  n  and  m  are  constants  for  any  gas.  Given  that  the 
critical  pressure  and  temperature  of  carbon  dioxide  are 
72.9  atm  and  304. 2°K  respectively,  determine  the 
compressibility  factor  of  the  gas  at  100°C  and  at  a  volume 
of  6.948  cubic  decimeters  per  kilogram. 


Solution : 


n 

y2,p£ 


V-m ) 


RT 


solving  for  P  gives 


RT  _  n 
V-m  ~  V2T£ 


Differentiate  equation  (2)  twice  with  respect  to  V  at 
constant  T  and  set  them  equal  to  zero  because  at  the 
critical  point 


■  ”  ;  m.  * 

Therefore  at  the  critical  point 


/3P> 

\ 

RTC  ■; 

'  o  n  _  n 

Uv, 

T 

V 

V3T  * 
c  c 

/ 

r92P> 

\  =  . 

2RT 

c 

n 

l 

)T 

(Vc-mP 

6  V“T  *  =  0 
c  c 

Equation  (3) 

can 

also 

be  written  as 

rtc  ; 

n  2_ 

(Vc-m)^ 

T  ^  V3 
c  c 

and  equation 

(4) 

as 

/  ■ 

(2) 


(3) 


(4) 


(5) 
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RT 


(Vc-m) 


y  ^ 

c  c 


(6) 


Divide  equation  (5)  by  equation  (6)  to  get 


V  -  m  =  4  V 
c  3  c 


from  which 


m  =  4  V 
3  c 


where  V  is  the  critical  volume.  Substitute  the  value  of 
c 

m  into  equation  (5)  and  solve  for  n 


.  t. 

>'r. 


RT 


V 


l’  r  (v2  -  2mV  +-  m2) 


-nt  ^  Ji 


■  f 


jn_  _2_ 

v3: 
c  c 


or 


-> . 


rt3/z  V3 


n  = 


2V2  -4  V2  +  |  V2 
c  r  3  9 


rt3/2  v  3 


V2(2^  4  +  4> 


rT3/2  v3 
_  c  c 

r  ^<1) 


9RTs/2  V 
C  -C 

8 


(7) 


Equation  (2)  becomes  at  the  critical  point 

1  , L  'I  t  i 

RT 

P  = 


( 


V  -m 
c 


n 

yTrp¥ 

c  c 


where  Pc  is  the  critical  pressure 


RT 

p  =  — 9— 

c  V  -m 


3  RTc 
2  V 


-  9/8  RTS/2V 

_  < 

y  2iji^ 
c  c 

•t  J  L  • 

q  RT 

9  c 


8  V 


/ 

3 

8  V 


3  RTc 
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or 


C02  has  a  molecular  weight  of  44  g  mol 


V  =  6.948 


/(dm)  3\ /l  0 3 cm 3 \  / 0.044  kg\ 
\  kg./\(dm)3  mol  J 


From  equation  (8) 


t  t  4  f’~  .  '  .f\£x  ■  .  •  .  *  / 

=  3.057  x  102  cm3/mol!.  .  t  t  r. 

4  ■  •  V.-«jr  *  *  A  -  ^  V 

(8)  ■■  ■-  ’  '=*•'!  ■  ■  «•  •'•*/.  P  *'  ■■ 

v  .  *  3  *fTc  •••  •  V 


C  8  P  ' 

'1  t  , 

3  (82.05  cm 3 atm /°K-1  mol~ 1  ) ( 304 . 2°K ) 

~  8  *  72.9  (atm 

v.d  r-  :i 

^  *  - 

=  128.3  cm3  mol.”  .  .  'I •,  _ 


Remember  that  m  =  V/3 

c 


128.3  cm3  mol”1 


"  •  I  fc  ’  *  '•  '  '•  , 


=  42.79  cm3  mol”1 


t  1  *  ;  *  ♦. 

From  equation  (7) 


*/  J) 


(9X82.05  cm 3 atm  °K”1mol”1  X  304. 2°K) 3/2  (128.3  cm3mol”1) 


=  6.28  x  10 


8  f  -•  •  1  '  *  ' 

J  t  ■  X  l  i  • 

7  cm6  atm  K 


Solving  for  P  using  equation  (2)  gives 


(82.05  cm3 
[_(  3 .057  x  10 

1  : 

;  [6.28  x  10 7 

J3.057  X1 


-  i  • ,  -  i 


cm 3 atm  K~  mol”  )(373°K)  ,  « 

<  10  2  cm'3  /mol )-( 42 . 79  cm3/mol 


7 cm6  atm  K?/mol2, 
102cm3  /mol  )  2  (  373°K)^ 


‘^  81.57  atm.  '  *"  '  « •'  '•  “  *** 

By  definition  the  compressibility.,  factor  Z  is  given  as 

b  ,  VI  ■  ^  /•  '  '<•••  *  •-*';>  ■ 

z  ,pv: 

•  RT: 


_  (81.57  atm) ( 3 . 057 x  ip2  cm3/mol) 

(82.05  cm3  atm°K“1mol-1 )(373°K) 

=  0.815. 

*  ;  '  i  ! 

•  PROBLEM  6-41 

A  magnesium  alloy,  at  600°F  is  stretched  isent Topically  by 

1.0 *10-2  in. /in.  What  is  the  stress  that  results,  and  how 
does  it  differ  from  the  stress  produced  by  an  isothermal 
stress  of  the  same  amount  .  Assume  the  alloy  to  follow  the 
Hooke  equation  of  state  with  the  following  constants. 

Yt  =  6.5  x io6  lbf/in2 

f  -  .  /a  =16*10“6  (1/°F) 

C0  =  0.242  Btu/lbm-°F 

P  =  109  lbm/ft3 


Solution:  The  change  in  temperature  with  such  a  strain  is 

given  by  the  equation 


Ccr  ln  (t i )  ei  ^ 


where 


1?  £ .  T: 


final  stretch  =  1.0x10“  in/in 
e1  =  initial  stretch  =  0  in/in 


8  =  -Yt  a  1  ■  *. 

For  the  consistency  of  units 

V  .  >  .  v..'-  •  ,  ;  •  . 

C.  =  0.549.  v  w  12  in  M  Ibm  ..  1  ft 3 

a  ^  lbm-°F  Btu  x  ft  x  109  TF5"  1728'  in  3 

=  142.51  'ft-lbf /in  2-lbm-°F.  - 

Substitution  of  the  numerical  values  into  Eq.  (1),  yields 

142.5  In  =  -6.5  x  106  ( 16  x  10" 6 )  ( 1  x  lo“ 2 ) 
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In  (J^J  =  -0.0073 


For  such  a  small  number 


so  that 

II  =  -0.0073  +  1  =  0.9927 
T  i 


solving  for  T2,.  _  a 

»  '  T2  =  600(0.9927)  =’595.62°F  g 

To  compute  the  stress,  the  thermoelastic  equation  of  state 

o  =  y  [e  -  a(T‘-  T0))  ’  (2) 

,  -  —  .  >  •  111  V 

will  be  used  with  To  arbitrarily  set  at  600°F.  -jj. 

Then  -  .  .  f. 

a  =  6.5  x10s  [p.Ol  -  (16  *  10"*6  >(595.62-600)] 

C  ‘  .  ill 

=  654,455.52  lbf/in2. 

In  the  case  of  an  isothermal  stretch 

.  4  •••■'■  ■  (!•»  ;  I"  ' 

T  =  To 

and  the  stress,  from  Eq.  (2),  is  calculated  to  be 

V ■!  •*  - 

a  =  (6.5  x  106 )(0.01)  =  65000  lbf/in2 

The  difference  of  460  psi  out  of  60,000  is  probably  below  the 
level  of  measurement  of  most  testing  machines,  so  that  the 
method  of  stretch  is  not  important  for  this  type  of  material. 
Actually,  this  is  generally  true  of  metals,  while,  with 
rubbers  and  synthetics,  disregarding  the  way  in  which  a 
tensile  test  is  run  may  produce  a  serious  error  in  prediction 
of  stress  and  strain  characteristics.  Such  elastomers  are, 
however,  usually  governed  by  equations  more  complex  than  the 
Hooke  form. 


CHAPTER  7 


IDEAL  AND  REAL  GAS  PROCESSES 
AND  RELATIONS 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  328  to 
396  for  step-by-step  solutions  to  problems. 


Ideal  Gas  Processes  *  j  ^  r. 

Ideal  gas  processes  include  adiabatic  compression  and  expansion  and  heat 
exchange.  These  involve  changes  in  internal  energy,  enthalpy,  and  entropy.  The 
results  for  ideal  gases  will  be  summarized  for  open  and  closed  systems,  and  they 
will  be  extended  to  real  gases  using  generalized  correlations. 

A  key  relation  is  the  equation  of  state  for  an  ideal  gas  which  is: 

PV  =  RT  '  (1) 

In  this  equation  V  is  the  molar  volume  at  absolute  pressure  P  and  absolute  tem¬ 
perature  T.  R  is  the  universal  gas  constant,  and  a  value  for/?  is  8.314  kPa  m3/kmole 
K  in  SI  units.  This  equation  is  used  in  the  development  of  numerous  relations  for 
ideal  gases.  *  r  .....£ 

Four  types  of  processes  are  used  with  a  closed  system:  constant  volume,  ' 
constant  pressure,  constant  temperature,  and  adiabatic  ( Q  =  0).  To  determine  heat 
transferred  and  work  done  for  these  processes,  the  first  law  of  thermodynamics  is 
applied  to  a  reversible  process.  Then  an  efficiency  is  used  to  determine  the  actual 
work  done  from  the  work  of  the  reversible  process.  > 

For  a  reversible  constant  volume  process,  the  first  law  of  thermodynamics  is 
dU  -  dQ~  dW,  and  dW  -  PdV.  With  dV  -  0  (constant  volume),  dQ  -  dU,  which 
gives: 

Q~W~ir!  cv<*7’-cv,»>*(72-7i)  (2) 

Thus,  Q  is  computed  when  T\  and  are  specified  for  the  process. 
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For  a  reversible  constant  pressure  process,  the  first  law  of  thermodynamics  is 
dU  =  dQ-  PdV  and  dH  =  dU  +  PdV  which  gives  dH  =  dQ : 

Q  =  AH  =  jr’  CPdT’CPW<7 z-7!)  (3) 

where  Q  is  computed  when  7\  and  T2  are  specified.  Also,  W  =  jPdV  =  P(V2-  Vj). 

For  a  reversible,  constant  temperature  process,  A U  =  0,  and  Q  =  W  =  $PdV  from 
the  first  law  of  thermodynamics.  Using  Eq.  (1)  to  evaluate  the  integral  fPdV,  the 
following  equation  is  obtained: 

Q  =  W  =  RT  In  (V2/Vx)  =  RT  In  (P,/P2)  (4) 

where  P]  and  P2  or  V\  and  V2  are  specified  for  the  process. 

For  a  reversible,  adiabatic  process,  dQ  =  0,  and  dU  =  -dW  =  -PdV  from  the  first 
law  of  thermodynamics,  which  can  be  integrated  using  dU  ~  C^dT  and  k  =  Cp!Cv 
=  {Cv  +  R)!CV  to  give: 


and 

Pi  vxk  =  P2V2k  =  PVk  =  constant  (6) 

Integrating  dW  =  PdV  using  Eq.  (6)  gives: 


W  =  -AU  =  -^L 


(*- 1) 


1-1^- 


(7) 


Specifying  Pj,  P2  and  Vx  or  (  =  P^V^IR),  AU  and  W  can  be  computed  with  Eq. 
(7),  and  T2  and  V2  with  Eqs.  (5)  and  (6). 

The  change  in  entropy,  AS,  can  be  computed  by  the  following  equation  for  all 
of  these  reversible  processes: 

AS  =  Cp  In (72/7*0  -  R  In (P2/Pj)  (8) 

Real  Gas  Processes 

For  open  systems,  the  first  law  of  thermodynamics  applied  to  a  steady  state 
flow  process  is  a  key  equation  for  the  description  of  industrial  processes  involv¬ 
ing  real  gases.  It  is  given  by  the  following  equation: 

A H  +  Am2/2  +  gAz  =  Q-Ws  (9) 

In  many  industrial  applications,  changes  in  kinetic  and  potential  energy  are 
small  compared  to  the  change  in  enthalpy,  and  Eq.  (9)  can  be  written  as: 
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AH  -Q~WS 


(10) 


Eqs.  (9)  and  (10)  are  applicable  to  expansion  and  compression  processes. 
Expansion  processes  include  flow  in  nozzles,  turbines,  and  throttling  processes. 
Compression  processes  include  compressors,  pumps,  and  ejectors.  For  turbines 
and  compressors,  Eq.  (10)  is  applicable,  and  Q  =  0.  Therefore,  Eq.  (10)  becomes: 

Ws~-  AH  (n) 


To  compute  the  shaft  work,  Ws  for  a  turbine,  the  conditions  at  point  1  and 
pressure  P2  are  known,  along  with  the  turbine  efficiency,  q,.  Then  T2rev  is  calcu¬ 
lated  using  T2  rev  —  T\(P '2/P i)(*  'W  from  Eq.  (5).  A Hrev,  for  an  isentropic  expan¬ 
sion,  is  evaluated  using  A Hrev  =  Cp,avg(r2irev  -  T}),  knowing  Tt  and  TVev.Then  the 
actual  shaft  work,  Ws  =  A H,  is  computed  using  the  turbine  efficiency,  qf; 


Ws  _  AH 


(12) 


For  the  other  variables,  H2  =  Hx  +  AH  is  used  to  evaluate  the  enthalpy,  H2.  T2  is 
determined  from  the  definition  of  enthalpy,  i.e.,  T2  -  T}  +  AH/CP.  Then  V2  is 
evaluated  using  the  ideal  gas  law,  Eq.  (1),  and  the  entropy,  S2f  is  computed  using 
Eq.  (8). 


The  procedure  for  a  compressor  differs  because  the  compressor  efficiency  is 
defined  as  qc  =  Ws>reJWs  or: 


Wrev 

AH 


(13) 


In  this  case  Eq.  (11)  gives  the  minimum  shaft  work  required  for  a  compres¬ 
sor  when  the  process  is  isentropic  while  it  gave  the  maximum  shaft  work  that 
could  be  produced  by  a  turbine.  However,  the  variables  at  point  2  are  computed 
using  the  same  equations  as  for  a  turbine.  For  example,  if  the  conditions  at  point 
1,  the  pressure,  P2 ,  and  compressor  efficiency,  q0  are  known,  the  following  equa¬ 
tions  give  the  other  values  at  point  2.  First,  Eq.  (8)  with  AS  =  0  gives: 

T2,rev  =  h  (P2/P^~m 

and  using  the  definition  of  enthalpy  in  terms  of  mean  heat  capacity: 

A Hrev-  Cp  (T2rev~  T]) 

Next,  AH  is  computed  from  Eq.  (13)  for  compressor  efficiency: 

AH  =  AHrJr\c 

and  this  determines  the  shaft  work,  Ws  =  AH. 

Temperature,  T2,  is  calculated  from  the  definition  of  enthalpy  in  terms  of  heat 
capacity,  Cp : 

72  =  Tj  +  AHICp 


(14) 

(15) 

(16) 
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Then  for  specific  volume  from  the  ideal  gas  law: 

V2  =  RT2IP2  (18) 

and  for  enthalpy: 

H2  =  Hx  +  Cp(T2-T{)  (19) 

Then  using  Eq.  (8)  for  entropy: 

52  =  5,  +  Cp  lnCTa/T,)  -  R  In (P2/P,)  (20) 

This  sequence  evaluated  T2,  V2,  and  H2  knowing  P2  and  the  condition  at  point  1 
for  the  compressor. 

Pumps,  like  compressors,  increase  the  pressure  of  the  fluid  flowing  in  the 
process;  pumps  are  used  for  liquids  which  can  be  treated  as  incompressible.  The 
first  law  of  the  thermodynamics  from  Eq.  (10)  for  a  reversible  steady-state  flow 
process  becomes: 

-  -ft  VdP  =  -V(P2  -  Pt)  (21) 

Then  the  pump  efficiency  is  used  to  evaluate  the  actual  shaft  work  required: 

Ws=Ws>rev/r\p  (22) 

Temperature  changes  in  the  pump  are  very  small,  and  constant  properties  can 
be  used.  The  equation  for  change  in  enthalpy  is: 

AHS  =  Cp&T  +  V(1  -$T)AP  (23) 

This  equation  is  used  to  compute  AT  knowing  A Hs  from  Eq.  (21)  and  a  value  of 
P,  the  coefficient  of  compressibility  for  the  liquid.  Then  the  increase  in  entropy  is 
computed  using  the  following  equation: 

AS  =  Cp In  T2/T,  -  flVAP  (24) 

In  throttling  processes  a  gas  is  expanded  through  an  orifice  or  porous  plug 
with  no  work  or  heat  being  transferred.  Therefore,  from  Eq.  (10)  AH  =  0,  and  H2 
=  Hi.  For  an  ideal  gas  the  enthalpy  depends  on  temperature  only,  so  the  tempera¬ 
ture  stays  constant  in  a  throttling  process.  For  an  actual  process  the  pressure  and 
temperature  decrease,  and  the  temperature  at  point  2  is  the  saturation  temperature 
at  known  downstream  pressure  when  the  gas  is  partially  liquefied.  Then  the 
amount  of  liquid  formed  is  obtained  from  the  following  equation: 

H2  ~  H\  —  H gX  +  (1  x)H]  (25) 

where  x  is  the  quality,  the  mass  of  gas  per  total  mass  of  gas  and  liquid.  To  solve 
Eq.  (25)  thermodynamic  data  in  the  saturated  region  is  required  in  the  form  of  a 
graph  or  table.  The  change  in  entropy  (52  -  5^  can  be  computed  with  these  tables 
or  graphs  using  the  following  equation: 

S2  =  V +  (!-*)$!  W 
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where  Sg  and  5!  are  the  entropy  of  the  saturated  liquid  and  vapor  at  T2  and  P2. 

Generalized  Correlations 


Generalized  correlations  are  used  to  estimate  the  properties  of  real  gases  for 
the  processes  discussed  above.  These  include  correlations  for  the  compressibility 
factor  in  the  ideal  gas  law,  fugacity  coefficients,  and  residual  enthalpy  and  en¬ 
tropy.  These  correlations  are  presented  in  the  form  of  tables  and  graphs  for  ease 
of  use. 


The  compressibility  factor  z  is  used  with  the  ideal  gas  law  to  predict  the  P-V-T 
behavior  of  real  gases.  The  ideal  gas  law  is  modified  as: 

PV  =  zRT  (27) 

where  the  compressibility  factor  z  =  V actual^ ideab  which  is  equal  to  one  for  an 
ideal  gas. 


The  compressibility  factor  z  has  been  correlated  with  reduced  temperature, 
Tn  and  reduced  pressure,  Pn  where  these  are  defined  as  the  temperature  and  pres¬ 
sure  of  the  gas  divided  by  the  critical  temperature  and  pressure,  i.e.,  Tr  -  TITC  and 
Pr  -  P/Pc.  The  critical  temperature  and  pressure  are  the  conditions  where  the  gas 
and  liquid  phases  become  indistinguishable  (critical  point),  i.e.,  the  critical  tem¬ 
perature  and  pressure  are  the  highest  temperature  and  pressure  at  which  a  pure 
material  can  exist  in  vapor-liquid  equilibrium. 


The  compressibility  factor  correlation  uses  the  principle  of  corresponding 
states,  which  says  that  all  substances  obey  the  same  equation  of  state  expressed  in 
terms  of  reduced  properties.  Correlations  have  been  developed  for  z(Tn  Pr )  based 
on  experimental  data  from  30  real  gases  and  are  called  compressibility  charts, 
which  are  accurate  to  about  5  percent  except  near  the  critical  point. 


Reduced  property  correlations  have  been  developed  for  enthalpy  and  entropy 
to  estimate  these  real  gas  properties.  These  were  prepared  based  on  the  differ¬ 
ences  between  real  gas  and  ideal  gas  properties,  and  they  are  called  residual 
properties  or  property  deviation  correlations.  To  describe  how  these  correlations 
were  developed,  Eq.  (27)  is  written  in  terms  of  the  product  of  reduced  tempera¬ 
ture,  Tr,  and  critical  temperature,  Tc,  for  I ,  i.e.,  T  -  TrTc  and  P  =  PrPc : 


V  = 


2RTrTc 

PrPc 


(28) 


where  z  is  a  function  of  Tr  and  Pr. 

Using  the  total  derivative  of  the  enthalpy  in  terms  of  T  and  P: 


dH  *=  CpdT  + 


dP 


(29) 
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Using  Hq.  (28)  to  evaluate  the  partial  derivative  term  in  Eq.  (29)  gives: 

T 

x  r 

L'f  i 

Eqs.  (28)  and  (30)  can  be  combined  with  Eq.  (29),  and  the  result  integrated 
from  reference  state  when  Pr  -  0  to  a  final  state.  The  final  equation  is:  .  « 


•i 


,  EJM)  dpr 

*  RTC  h  r  Jo  pr  ^arrv_ 


(31) 


Eq.  (31)  applies  to  a  real  gas;  however,  for  a  correlation  the  difference  in 
enthalpy  between  an  ideal  gas  and  a  real  gas  (Hidea(  -  H)  is  needed.  Let  Eq.  (31) 
be  applied  to  an  ideal  gas,  and  this  gives: 

=  (S  ~P~dT  (32) 

h  R  . .  r  ,  ,  1  v  } 


.fJjdeel _ Hsl 


RZ 


4  . 


Subtracting  Eq.  (31)  from  Eq.  (32)  gives  the  equation  in  terms  of  the  difference 
in  enthalpy  for  an  ideal  and  real  gas  {Hideai-  H).  ^  ^  ^ 


H ideal  H 

RZ  * 


dz 

dZ 


dP 


(33) 


r/P 


*■■1,  »  .  J  '  |)  -t 

The  left  side  of  Eq.  (33)  is  called  the  enthalpy  departure  function  and  is 
determined  by  evaluating  the  integral  on  the  right  side.  It  is  the  deviation  of  the 
real  gas  or  liquid  from  that  of  an  ideal  gas  at  the  same  temperature  and  pressure. 
Generalized  enthalpy  departure  charts  have  been  developed  using  Eq.  (33),  and 
(H )deai- H)/RTC  is  given  as  a  function  of  Pr  with  Tr  as  a  parameter. 

v  if  ’  ^  1 

;  The  equation  for  the  entropy  departure  function  is  found  using  manipulations 
similar  to  those  used  to  obtain  the  enthalpy  departure  function,  and  is  given  by 
the  following  equation:  .  , 


^ideal _ §_ 

R 


Tr[—  I  +2-1 


dPri 

z  j! 


(34) 


Generalized  entropy  departure  charts  are  available  with  the  left  side  of  Eq.  (34) 
given  as  a  function  of  PT  with  Tr  as  a  parameter. 

Improved  results  are  obtained  when  an  additional  parameter  is  introduced  to 
account  for  molecular  structure.  Called  the  acentric  factor,  to,  it  is  used  to  modify 
the  compressibility  factor  as  follows:  ^  it  •  '  '*'■ 

z  =  z0  +  (JOZ,  (35) 

where  z0  is  the  compressibility  factor  for  simple  fluids  such  as  the  rare  gases: 


argon,  krypton,  and  xenon.  zx  incorporates  the  eccentricity  of  more  complicated 
molecules.  z0  and  zx  are  functions  of  Tr  and  P„  and  co  is  a  property  of  individual 
molecules.  z0  and  zx  are  available  as  graphs,  and  to  is  tabulated  with  other  physi¬ 
cal  properties  of  molecules. 

This  extension  of  the  compressibility  factor  gives  two  generalized  enthalpy 
and  entropy  departure  values,  which  are  used  to  compute  the  total  departure  by 
the  following  equations: 


Another  important  generalized  correlation  is  for  fugacity  coefficient,  <f>,  which 
is  related  to  the  residual  Gibbs  free  energy  by  the  following  equation: 

G~Gid<al  .|n(fr  (38) 

RT  v  ' 

The  fugacity  coefficient,  <j),  is  the  ratio  of  the  fugacity,  f  to  the  pressure,  P. 

The  equation  for  the  generalized  Gibbs  free  energy  departure  is  derived  using 
the  procedure  used  to  obtain  Eq.  (32)  for  enthalpy.  This  result  for  constant  tem¬ 
perature  is: 

G  RTe‘"  (Z~')dP  (39) 

Combining  Eqs.  (38)  and  (39)  gives  the  result  comparable  to  Eq.  (33)  for  en¬ 
thalpy: 

1"  ♦-jf  (40) 

Correlations  are  available  for  <(>  as  a  function  of  Pr  with  Tr  as  a  parameter.  Also, 
these  results  have  been  extended  to  include  the  acentric  factor,  co,  and  the  value  <f> 
is  computed  by  the  following  equation  having  found  <j)0  and  <J>,  from  graphs  as  a 
function  of  Tr  and  Pr  and  co  for  the  molecule: 

<j>  =  ‘Mi"  (41) 

In  summary,  equations  used  for  analyzing  ideal  gas  processes  were  presented 
for  open  and  closed  systems.  This  included  compression,  expansion,  and  heat 
transfer  processes  by  computing  the  changes  in  temperature,  pressure,  specific 
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volume,  internal  energy,  enthalpy,  and  entropy.  Then  extensions  were  given  for 
real  gas  processes  using  efficiencies  and  generalized  correlations  for  compress¬ 
ibility  factor,  enthalpy  and  entropy  deviation,  and  fugacity  coefficient.  With  this 
information  processes  involving  actual  fluids  can  be  analyzed  for  heat  transferred 
and  work  performed.  • 


! 

i 

! 

t 

A 
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Step-by-Step  Solutions  to 
Problems  in  this  Chapter, 
“Ideal  and  Real  Gas  Processes 
and  Relations” 


IDEAL  GAS  PROCESSES  INVOLVING  THE  FIRST  AND 
SECOND  LAWS  OF  THERMODYNAMICS 

•  PROBLEM  7-1 

Two  pounds  of  oxygen  undergo  a  polytropic  process  in  which 
they  are  compressed  from  an  initial  state  of  14  psia  and  70°F, 
to  a  final  pressure  of  98  psia  along  a  path  for  which 

PV 1  *  3  =  C.  Using  the  polytropic  equation  calculate,  (a)  the 
heat  transferred,  and  (b)  the  change  of  entropy  for  this 
process.  Assume  that  for  oxygen 

R  =  0.062  Btu/lbm-°R 

cp  =  0.217  Btu/lbm-°R 

Solution:  (a)  The  heat  transfer  for  the  process  can  be  found 

in  two  ways.  Either  by  using  the  first  law 

Ql«  *  (1) 

or  by  using  the  polytropic  equation 

Q^2  =  mcn(T2  -  Ti) 

where 

%  ■  cv(fcs) 

However  by  definition 

cv  «  cp  -  R  «  0.217  -  0.062  -  0.1550  Btu/lbm-°R 
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k  =  =  Q--21.7.Q  =  !.4 

K  cv  0.1550 

\  '  ^  ,  Km  t  ' 

Then  from  Eq.  (3) 

cn.*  0.1550 

=  -0.052  Btu/lbm-°R 
,  ‘  i: 

The  temperature  at  state  1  expressed  in  °R  is 


T:  =  70  +  460  =  530°R 


At  state  two 


5-  n 

(n-  i )  /n 


T2  =  T  i 


(  1  .  3-1  )  /l  .  3 


=  530 


=  830°R 


Therefore  from  Eq.  (2)  *  ■ -j  r  p 

n  i 

Q,  =  2( -0.052 ) ( 830  -  530) 

1  "*■  2 

=  -31.2  Btu  ' 

■  ■  ■  ,'i'  v| 

(b)  For  the  change  in  entropy  the  polytropic  equation  can 
be  written  as 


AS  =  s2  -  Si  =  me  lnV-i 
n  f  1 1 


-  2(-0.052)  in  (§§§) 


=  -0.0466  Btu/6R 


V'*  <* 


•  PROBLEM  7-2 


Air  at  an  initial  pressure  and  temperature  of  1  bar  and  17°C 
respectively  is  contained  inside  a  cylinder.  The  air  is  then 
compressed  polytropically ,  along  a  path  for  which  n,=  1.30, 
until  the  final  pressure  inside  the  cylinder  is  5  bars.  What 
is  the  heat  transferred  per  kg  of  air  for  this  process? 
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Solution :  This  problem  involves  a  closed  system, 

the  first  law  written  for  this^process  is 

i  .  4  ,  ’ 


q 


If  2 


+ 


W 


1 -*■  2 


Au 


Therefore 


(1) 


■'  ...  t 

In  Eq.  (1)  both  q  „  and  w,  „  are  unknown.  Since  q 

1  •>  2  1  -+■  2  ^  1  2 

cannot  be  calculated  independently,  w  must  be  evaluated 
using  the  relation  which  applies  in  this  case. 


dw ,  =  -P  dv 

1  +  2 


For  this  process 


Pv  =  c 

■t  < 


Therefore 


w 


1  -v  2 


P  dv 


-n  , 
cv  dv 


(2) 


l-n  ..  l-n 
_  C ( V  2 )  -  c(vi ) 
n-1 


_  P2V2  -  Pivi  _  R(T2  -  Ti  ) 


n-1 

(  t.J 


For  air 


n-1 


(3) 


r  ft 


5  J  ■! 


R  =  0.287  kJ/kg-°K 

c  •  ■  f  z-  *  ■ 


Also  because  air  is  essentially  an  ideal  gas  in  the  range  of 
pressures  and  temperatures  involved,  the  ideal  gas  equation 
for  a  polytropic  process 


“A 


:  n 

(n- 1 ) /n 


T  2  _  P  2 
Ti  ~  "  Pi 


(3) 


can  be  used  to  find  the  temperature  at  state 
Therefore,  solving  for  T2  in  Eq.  (3)  gives, 

(n-i )  /n 


-  :H* 


2. 


* 

* 


■  “'290(f) 


( 1 . 3-1  )  /  1 . 3 


=  420. 43°K 
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From  Eq.  (3)  then 


0.287(420.43-290) 
wl  +  2  =  - T"3-l - 

c 

=  124.78  kJ/kg. 

The  specific  internal  energy  change  for  an  ideal  gas  is 

Au  =  cyAT 

or  •'  ' !  * 

U2  -  Ui  =  Cy( T  2  -  Ti) 

where  cy  =  0.7165  kJ/kg-°K  (for  air) 

Substituting  the  numerical  values 

S7 

Au  =  u2  -  ui  =  0.7165(420.43  -  290) 

=  93.45  kJ/kg 
Then  solving  for  in  Eq.  (1)  gives 

q1  +  2  =  Au  -  w^2 

-  93.45  -  124.78 
=  -31.33  kJ/kg 

The  negative  sign  indicates  that  heat  was  removed  from  the 
gas  during  the  compression  process. 


•  PROBLEM  7-3 


An  ideal  gas  is  enclosed  inside  a  chamber  with  a  volume  of 
0.1  ft3  at  115°C,  690kPa.  It  then  expands  isentropically  to 
a  final  pressure  of  138kPa.  Calculate  the  work  done  during 
the  process,  assuming  that  for  this  gas 

cv  =  0.7201  kJ/kg-°K 

c  «• 1.0048  kJ/kg-°K 
P 


Solution;  Since  the  process  is  isentropic 

S  2  “Si 
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The  process  is  adiabatic,  and  thus 

Q  -  =  0 

The  first  law  applied  to  this  system  is 

Q1^2  =  m(u2  -  u ! )  +  wU2  =  0 


(1) 


or 


Wl-2  =  ~ m  C u  2  -  Ui) 

Since  the  specific  heats,  for  this  process,  are  constant 

du  =  cydT 


(2) 


or 


u2  -  ui  =  cv(T2  -  Ti) 


Then  Eq.  (2)  becomes 


wi-2  =  ~mcv<T2  -  Ti> 


(3) 


For  this  process 


PiViY  =  P2V2Y 


(4) 


where 


_  "p^  1.0048  =  -  3954 

Y  ”  c  0.7201  1,3954 

,  v  '  . 


Solving  for  V2  in  Eq.  (4)  gives, 

.  ‘I  si.  '  r ':!) 


1  n 


-MM 

•  »•>  ffl 

-  0. 317  3ft 

•  ,  i 


1  /  1  .  3  9  S  4 


or 


*  _  3 

v 2  =  0.317  ft3  x  0.028317  =  8.98  xl0‘3  m3 

For  an  isentropic  process  *  f  *'•' 


T 1 V ! Y~ 1  *  T2V2Y'1 


or 


- 


Y~ 1 
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where 


Therefore 


T  i  =  115  +  273.15  =  388.15°K 


T2 


388.15 


3  9  5  4-1 


=  245 . 97°K ■ 


i!i 


or  T2  =  -27 . 18°C 

The  mass  of  the  system  can  be  obtained  by  using  the  ideal  gas 
equation  of  state.  Therefore  ,  f  .  >  ;; 


where 


m 


P2V2 

RT2 


?  (5) 


R  *  c  -  c  '  ='  1.0048-0.7201  ' 

P  v 

=  0.2847  kJ/kg-°K 


From  Eq.  (5)  ,  then 


m 


Then  from  Eq.  (3) 


138(8.98  x  10  3 ) 
0.2847(245.97) 

0.0177  kg 


W  2  =  -0. 0177(0. 7201)(245. 97-388. 15) 
=  1.8122  kJ ;  \  . 


•  PROBLEM  7-4 


A  chamber  contains  5  lbm  of  an  ideal  gas,  initially  at  a 
temperature  of  100°F.  The  gas  then  undergoes  a  reversible 
isobaric  process  during  which  500  Btu  are  added  to  the  gas  as 
heat.  Determine  the  final  temperature  of  the  gas,  assuming 
that  the  following  properties  of  the [gas  are  known. p 

R  =  0.0641  Btu/lbm-°R  [0.2684  kJ/kg-°K];; 

k  =  1.147 


Solution :  Since  the  gas  is  not  stated  the  specific  heats 

are  found  from  the  equations 
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(1) 


cv  k-1 


c  =  R  +  c 

•  p. ...  '• 


Also  T  i  =  100°F  +  460  =  560°R  [311.11<>K] 

Substituting  the  numerical  values  into  Eq.'  (1),  gives 

0.0641'  :  <■'* 
cv  (1.147-1) 

-  «.  >:  f  ..  ^  v  <  i  v. , '  '  *  i  ? 

=  0.4361  Btu/lbm-°R  [ 1 . 8257 ikJ /kg-°K] 


From  Eq .  (2),  then 


c  =  0.0641  +  0.4361 
P 


*  0.5  B  tu  / 1  bm-®R  $  £.  •  f  •  [  2 . 09 42  k J  / kg-  ° K  ] 

Then,  write  the  first  law  for  an  ideal  gas  for  this  case. 


Therefore 


%  ■  i»T., 


Q=mcdT=mc(T2-Ti) 
P  P 


or  solving  for  T2,  gives'^*"  k 


=  +  .‘  Ti  -  5’ 


=  7 F  w  n  c  \  +  560  =  760°R  (  422 . 2°K  ] 

( 5  M  0, 5 )  *  v-  -  •*•=  •  * 

This  temperature  expressed  in  °F  is  ~  ■  *  - 

T2  =  300°F  [149. 1°C] 


•  PROBLEM  7-5 


A  piston  and  cylinder  arrangements  has  an  initial  volume  of 
1.5  ft3*and  contains  air  at -T 400  psia. ■ <The  air  is  then 
expanded  reversibly  at  a  constant  temperature  of  85°F.  What 
is  the  work  and  heat  transferred  of  the  process  if  the  final 
volume  of  the  air  inside"  the*  cylinder  is'-4sft3.  -Assume  the 
temperature  of  the  surroundings  to  be  85°F. 


Solution:  The  mass  of  thessystem  is  constant  throughout  the 

process,  and  can  be  determined  using  the  ideal  gas  equation 
of  state 

t  ’  ft  *-,4  S-  PV^  »•  '  ’  •  )  •  M  s 

m  =  Rf  -V--  •  (1) 
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Direct  substitution  of  the  numerical  values  into  Eq.  (1)  will 
give  the  amount  of  air  present  in  the  process.  However,  in 
substituting  the  numbers  care  must  be  taken  so  that  the 
units  are  consistent.  Hence  - 

-  .  A. 

P,  =  400  i~  x  144  =  57,600  lbf/ft2  : 

1  in2  1  ft 2 

Tj  =  85°F  +  460  =  545°R 


R  =  53.34  TT-  oD  (from  table  of  contents) 
Ibm  H 


Substituting  into  Eq.  (1) 

57,600x1.5 
m  53.34  x  545 


2.972  lbm 


Since  this  is  an  isothermal  process,  the  pressure  at  state  2 
can  be  determined  by  applying  Eq.  (1)  at  states  1  and  2  (after 
solving  for  T).  ■  5 


Therefore , 


T 


LlYjl 

mR 


PjLLl 

mR 


constant 


ill 


Solving  for  P2  •  •  * &  •  4 

Pa  =  Pi(^)  -  400  -  150  lbf/in2 

Since  this  is  a  reversible  isothermal  process,  the  work  can  be 
calculated  using 


w 


PdV 


where  the  path  1+2  for  this  process  is  given  by 

PV  =  mRT 


Substituting  into  Eq.  (2) 

2 


W 


1  -*•  2  j 


mRT 


dV  =  mRT 


V2dV 

V 

Vi 


V? 

=  mRT  In  ~ 
vi 


=  (2.972  x  53.34  x  545)  In  ^5 
1.  .  1  Btu 

=  84,740.64  ft-lbf  x  ^ ftZy£f 
=  108.92  Btu  . 


(2) 


335 


The  heat  transferred  to  or  ,fromjthe  system ?can  be  found  tby 
using  the  "energy  equations  ft’  *.r-  .  .  *4?  »  ■  *•  ....  1  1 

v  t  '■  *  !  ?■■■  i  *  *s  t 

Q  =  -AU  +,  W  .  ,  -v 

However  for  the  ideal  gas  undergoing  an  isothermal  process 
the  change  in  internal  energy  is-;  ^  ■*  =  *  : 

AU  =  0 

and  so 


i,  w 


Q  =■ W  =  108.92  Btu 


•  PROBLEM  7-6 


A  block  of  copper  is  at  an  initial,  pressure  and  temperature 
of  1-  atm  and  520°R  respectively .  -  The  pressure  is  then 
increased  to  1000  atm  in  a  reversible  isothermal  process.  ; 
Find  (a)  the  change  in  internal  energy,  (b)  the  change  in 
entropy,  (c)  the  heat  absorbed,  and  (d)  the  work  done,  all 
per  unit  mass. 


Solution:  (a)  Since  the  temperature  is  constant;  1! 

KV 

( u  2  -  UlL  =  -  Bv  T(P  2  -  Pi)  +  ™  (P22  -  Pxz)  (1) 


where 


•  *  **** 


„  8  =  2.8*  10  /°R  ,  ;i 


k  =  5.9  *  10"8  inZ/lbm  =  4.1*10  10  ft2/lbm 

Vo  =  p  *  550  =  1t?2 x 10  ft  3/lbm 
For  the  consi stency’ of  units,  '  " 

Pi  =  1  atm  =  14.7  lbf/inat=  2116.8  lbf/ft2 
P2  =  1000  atm  =2,116,800  lbf/ft2  ‘ 

Substituting  the  numerical  .values  into  Eq.  (1) 

(u2-u1)T  =  -  (2.8  *  10_s)(1.82  *  10“ 3 )(530) (2,116,800-2116. 8) 


+  (4.1  x  10~  ) ( 1 . 82  *  10“  ) 


(2116800)  -  (2116 


= -56.016  +  1.6649 
.  ■■  '  >  ■  -  i 

=  -54.35  ft-lbf/lbm 


=  -69.86  *  10~  Btu/lbm 


(b)  The  change  in  entropy  can  be  found  using  the  equation 

( S  2  -  Si)T  =i-Bvo(P2  -  Pi) 

=  -(2.8  x  10"  5  XI.  82  *  10"  3  >(2116800  -  2116.8) 

=  0.1078  f t-lbf /lbm-°R 
= 1.39 x  10“ I  Btu/lbm-°R; 

(c)  Since  the  process  is  reversible,  the  heat  absorbed  is 

q  =  T(  s  2  -  Si)  =  -BvqT(P2  -  Pv)  !i|; 

=  -(2.8  x  10~  5  )  ( 1 . 82  x  10~  3)(5  30  >(2,116, 800-2  116.8) 

=  -56.016  ft-lbf/lbm 
=  -72  x  10”3  Btu/lbm 

.  (d)  From  the  first  law  of  thermodynamics 

w  -  q  -  Au 

w  =  -72  *  10“ *-(-69.86  *  10"3 ) 

=  -2.14  x  10'3  Btu/lbm 

’  "  i 

Eq.  (1)  is  a  statement  of  the  combined  first  and' second  laws, 
the  first  term  on  the  right  being  equal  to  T(s2  -  Si),  and 
the  second  term  being  equal  to  w. 


•  PROBLEM  7-7 

1.  An  ideal  gas  initially  at  70°C  and  1  bar  undergoes  the 
following  reversible  processes,  completing  a  cycle. 

(a)  The  gas  is  compressed  adiabat ical ly  to  150°C  (1+2) 

(b)  It  is  then  cooled  at  constant  pressure  from  150°C  to 
70°C  (2-*3) 

(c)  Finally  the  gas  is  expanded  at  constant  temperature  to 

a  final  pressure  of  1  bar  (3-+1)  j 

3  - 

Assuming  that  for  the  gas  cv  =  R,  calculate  Ah 't  Au,  w,  and 
q  for  the  entire  cycle  on  a  per  gm-mole  basis. 

2.  Repeat  the  calculations  assuming  an  efficiency  of  80% 
for  each  cycle. 
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3**  * 


p 


V 

Solution :  1.  The  cycle  is  represented  on  a  P-V  diagram  as 

shown  in  the  figure.  To  calculate  q,  w,  Au ,  and  Ah  for  the 
entire  cycle,  first  calculate  these  quantities  for  each  of 
the  ^processes  and  then  use  ?the  following  equations . 

^  cycle  -  qi-*2  +  q2-+3  +  q3-vi  (1) 


(2) 

(3) 


cp  =  cv  +  R 

For  the  cycle,  using  Eqs.  (1),  (2),  (3),  and  (4) 
q  =  0  -  1663  +  1495  =  -168  J/g  mol 
f  w  =  -998  -  665  +1495  =  -168  J/g  mol 
l,  Au  =  998  -  998  +  0'  =  0 

'Ah  =  1663  -  1663  +0=0 

It  is  very  important  *  that  Au  and  Ah  are  both  zero' for  the 
entire  cycle,  since  the  initial  and  final, states  are 
identical.  Also  the  fact  that  q  and  w  are  equal  proves  the 
first  law  applied  to ' the. cycle ,  since  Au'=  0. 

2.  If  the  same  changes  in  state  are  carried  out  by 
irreversible  processes,  the  property  changes  for  the  steps 
wil^.  be  identical  with  those  already  calculated.  However 
the  values  of  q  and  w  will  be  different. 
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Then  for  this  gas 


cp"|  R  +  R_iR 


where 


R  =  8.314  J/g  mol-°K 


Therefore 


c  =  -5  (8.314)  •=  12.471  J / g-mol-°K 

V  ^ 


c  *  $  (8.314)  =  20.785  J/g  mol-°K 
P 

(a)  For  an  ideal  gas  undergoing  adiabatic  compression 


Q  =  0 


From  the  first  law 


Au  =  -w  =  cyAT  =  12.471(150-70)  =  998  J/g  mol 

Ah  =  Cp AT  =  20.785(150-70)  =  1,663  J/g  mol. 

(b)  For  a  constant  pressure  process  « 

•  1  :j  Ah  Q  =  CpdT  • 


Ah  =  c  AT  =  20.785(70-150)  =  -1663  J/g  mol 
P  V 


Au  =  cyAT  =  12.471(70-150)  =  -998  J/g  mol 
From  the  first  law 

w  =  q  -  Au  =  -1663  -  (-998)  =  -665  J/g  mol 

(c)  For  an  isothermal  process  Au  and  Ah  are  zero  for  ideal 
gases.  Then  for  such  a  process 


*q  =  w'=  RT  In 


However  P3  =  P2  and 


Y/(Y-i) 


P2  =  Pi 


(?f)« 


where 


cp  _  20.785  1'  \ 
c  12.471 

V  -  (.  : 
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Therefore 


2 .  s 


—  _  [273  +  150  \ 

Fz  1  \273  +  70  I 

=i 1. 689  bars 

From  Eq.  (4) ,  then 

.  j,  q  -  8.314(343)  In 
=  1,495  J/g  mol. 


(a)  For  an  80%  efficient  process 


w 


Wrev  _  -998 
n  0.80 


-1248  J/g  mol 


% 


Since  Au  is  still  the  same,  from  the  first  law,  and  since 
the  process  can  no  longer  be  adiabatic,  « 


(b) 


and 


q  =  Au  +  w  = 


f»  3  *  '  - 1.  W 


rev 

n 


"  <.  q  =  Au  '+  w  = 


998  -  1248=  -250  J/g  mol 
= '^7§§-=  -833* J/g  mol 
-998-831  =  -1829  J/g  mol 


(c)  In  this  process  work  is  done  by  the  system,  and  so  the 
irreversible  work  must  be  less  than  the  reversible  work. 
Hence  ’  v.  ,  ,  . 

,  .  ...  •"  x-  <:  ■ 

W  =  (wrev)n  =  1495(0. 80.)  =^1196  J/g  mol 

and 

•i*- 

q  =  Au  +  w  =  ,0t+  1196  =  1196  J/g  mol 
For  the  entire  cycle  Au  =  Ah  =  'Of  but 

q  =  -250  -  1829  +..  1196  =  -883  J/g  mol 

.  I  v  ’  ;  v ;  - 

w  =  -1248  -  831  +  1196  =  -883  J/g  mol 


3^0 


Reversible 


Irreversible 


process  a. . . . 
process  b. . . . 
process  c. . . . 
cycle . 


q 

w 

Au 

Ah 

q 

0 

-998 

998 

1.663 

-250 

-1,663 

-665 

-998 

-1.663 

-  1.829 

1,493 

1.495 

0 

0 

1.196 

-168 

-168 

A 

0 

0 

-883 

These  results  are  shown  in  thb  accompanying  table  for 
comparing  the  reversible  and  irreversible  processes.  All 
values  are  in  J/g  mol  of  gas. 


•  PROBLEM  7-8 


A  reversible  and  isothermal  compressor  is  used  to  continuously 
compress  helium  initially  at  540°R  and  12  atm,  to  a  final 
pressure  of  180  atm.  Calculate  the  work  per  mole  of  helium 
needed  to  operate  the  compressor,  and  the  quantity  of  heat 
to  be  removed  from  the  compressor  if  helium  is  assumed  to 
behave  (a)  as  an  ideal  gas,  or  (b)  according  to  the  equation 
of  state 


Pv  =  RT  -  ^  P  +  bP 


where 


=  11.13  °R-f t 3 /lb-mo 1 


=  0.2445  ft 3 /lb-mol 


=  1.987  Btu/lb-mol-°R 


P  =  180  atm 


Solution :  In  solving  this  problem,  consider  a  control  volume 

around  the  compressor,  as  shown-  in  Fig.  1.  Then  write  the 
energy  and  entropy  balances  around  the  compressor.  Energy 
balance:j  r  - 


(h 


Vz 

2g, 


+  *2) 


6m 


out 


?  -I- 


+  6Q  -  6W  *  d(me) 


syst . 


Entropy  balance: 


,(s«m)ln  -  (sam)out  +  =  d<ms) 

sys  l  • 


syst . 


.  r  t  t  »  1  ' .  ( 

Since  the  compressor  operates  under  steady-state  conditions, 

the  following  can  be  assumed. 

-**.1  ■  -  t  Is 

,  :  i.  d(me)gygtV'=  d(ms)syst_  =0, 

4 

2.  6m. _  =  6m  . 

in  out 


Since  the  compressor  operates  reversibly 

“  " '  6LW  =  0  :  “  ! 


*  -‘i 

Neglecting  potential  and  kinetic  energies, 
entropy  equations  reduce  to 

the  energy  and 

Energy: 

Ah  =  q  -  w 

(1) 

Entropy: 

As  =  =-3— 

(2) 

syst 

However,  T  .  =: 540°R 

syst.  j 

i  / 

From  Eq.  (2),  solving  for  q  ,-f 

q  “  Tsyst(?s)‘  =  540( As ) -  (3) 


To  find  the  values  of  q  and  w,  first  calculate  As  for  the 
process  and  use  Eq.  (3)  to  determine  q.  Then  obtain  Ah  and 
use  Eq.  (1)  to  solve  for  w.  To  make  the  solution  clearer 
sketch  the  compression  process  on  a  P-T  diagram,  as  follows. 
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Fig.  2 


From  the  P-T  diagram  it  is  evident  that  there  is  no  change 

in  temperature.  Therefore  a  simple  one  step  integration 

from  P.  to  P  .  at  constant  temperature  (T  =  540°R)  is 
m  out 

sufficient  to  calculate  Ah  and  As.  Furthermore 


-'i'f  -  T(J?)p]dP 


<Asi  +  a)T  [,  (w)p  dP 


which  are  the  governing  equations  for  evaluating  Ah  and  As 
for  this  process,  using  the  different  equations  of  state  that 
apply  to  the  process. 


(a)  Ideal  gas  behavior 


Pv  =  RT 


/3v\  _  R  _  v 

\ZT)r>  P  T 


Hence 


©i- 


Substituting  Eq.  (7)  into  Eq.  (4),  yields 


C[T(^)p-T  (SQ  dP 

=  0  dP 
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That  is,  the  change  ini enthalpy  for  an  isothermal  compression 
of  an  ideal  gas  is  zero.  ^ 

Substituting  Eq.  (6)  into  Eq.  (5),  yields, 

■:  I 

i  ( P  2 


(Asi^2)t 


f  dP 


ln  FT 

“.-I-987  m  (W) 

-  -5.36  Btu/lb  mol-°R 


Using  Eq.  (3) , 


-!:J'  '■>  * 

'  X  .  .  t 


q  =  540C-5.36)  4 

■I  j  .  •  r-  J 


=  -2,900  Btu/lb  mol 


From  Eq.  (1)  then 


or 


q  -  w  -  0 
:  /  ~  v 

*  t 

q  =  w  =  -2,900  Btu/lb  mol 


(b)  Real  gas  behavior 


or 


Then 


Pv  RT  +  ( |  +  bj  P 

&  "* 

v  =  f  Mb  -  ?)  - 

,f  -  V* 

/9v\  _  R  a 
Ut/_.  P  T2 


(8) 


(9) 


Substituting  Eqs.  (8)  and  (9)  into  Eq .  (4)  gives 

rP: 


<4hi*PT 


-  •  /  -¥) 
=  (o.2 


dP 


(P2  -'Pi)  i 


2445  - 


2  x  ii 


540 

=  (0^2032)( 180-12 ) 

=  34.1  ft 3  atm/lb  mol 


n2)  (180-12) 


344 


or 


(Ahi  +  2)  T 

34.1  ft  3atm 

„  14.7  psi 

w  144  i-n2 

Btu 

lb  mol 

atm 

ft4 

778  lbf-ft 

'if 

\ 

=  93.5  Btu/lb 

mol . 

r 

t  . 

i  ji* 

j- 

”  f 

f 

.  ‘ii’ 

Substituting 

Eq.  (9)  into 

Eq. ‘ (5)  yields 

(Asi->2 )  T 

--C«* 

dP 

p,„ 

■ R  'ln  pt  - 

a  ^ 

7^2  ^  2  — 

Pi) 

"t 

=  1.987  ln 

m  - 

t^f(180-12) 

,  11.13  F(144)(14.7)] 

’  *5'36.  -  (  540)  5  (180-12)[7 - 778  J 

=  -5.  36  -  0.017b 

=  -5.38  Btu/lb  mol-°R  > 


Substitute  this  value  into  Eq.  (3)  to  obtain 

q  -  540C-5.38) 

=  -2,910  Btu/lb  mol.' 


With  this  value  for  q  and  the  value  obtained  for  Ah  from 
Eq.  (1)  get 


or 


ti: 

Ah  =  q  -  w  : 

P  v 

j; 

w  =  q  -  Ah  -  % 

b 

=  -2910-93 
=  -3003  Btu/lb  mol 


345 


•  PROBLEM  7-9 


Helium  initially  at  300°K  and  12.2  Bar,  enters  an  adiabatic 
and  reversible  compressor  and  is  continuously  compressed  to 
a  pressure  of  182.4  Bar.  Determine  the  outlet  temperature  of 
the  gas,  and  calculate  the  amount  of  work  per  mole  of  helium 
that  must  be  supplied  to  the  compressor,  in  order  to  maintain 
an  outlet  pressure  of  182.4  Bar  if  (a)  helium  behaves  as  an 
ideal  gas,  and  (b)  according  to  the  equation  of  state 

Pv  =  RT  +.  (b  -  ,  ,  !  s  -  .  ' 

where 

■i 

a  =  0.385  m3  °K/kg  mol 
b  =  0.0153  m3  /kg  mol 
Assume  constant  specific  heats. 


Solution :  Consider  the* control  volume  to  be  the  compressor 

and  its  contents.  Then  .write  the  energy  and  entropy  balances 
around  the  compressor. 


Energy: 


'h  + 


2g, 


g 


)  «m.  .  (h  +  Vi  +  si) 

'in  in  l  ej 


6m 


c  'in 


out 


out 


+  6Q  -  r6W  =  'd(me)  -ft 

sys. 

<  r  4 

However  since  the  compressor  operates  at  steady-state, 

d(me)„„„  =  d(msV„„  =  6m.  -  6m-  .  =  0.  Also  because  this  is 

sys  sys  in  out 

an  adiabatic  compressor  6q  =  6lw  =  0.  Assuming  potential 
and  kinetic  energy  changes  in  the  compressor  to  be  negligible, 
the  energy  equation  reduces  to 


Ah  2  - 


-w 


(1) 


For  the  Entropy  balance 


<s«")ln  -  ( s 5m ) out 


A&dA  +  =  d(Ms) 

area  T  volume  T  ^Ms;syst 


However  with  the  assumptions  made^previously  the  entropy 
equation  reduces  to 


As!->2  =  0 


(2) 
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Eq.  (2)  implies  that  the  entropy  . of  the  material  leaving  the 
compressor  is  equal  to  the  entropy  of  the  material  entering 
the  compressor.  This  condition  can  be  used  to  calculate  the 
temperature  of  the  material  leaving cthe  compressor.  Then  by 
knowing  the  temperature  at  the  exit,  Ahi-*2  can  be  calculated, 
which  in  turn,  gives  the  work  that  must  be  supplied. 

(a)  The  ideal  gas  equation  of  state  is 


Pv  =  RT 


The  final  T  and  P  of  an  ideal  gas  (with  constant  cD )  under¬ 
going  an  isentropic  process  are  related  according  to  the 
expression 


cp  ln  T i  R  ln  Pi 


or 


Solving  for  T2 


fi-  Si) 


R/c 


T2  =  T  i 


m 


R/, 


■ 300  m) 


(8.31/20.9) 


=  886°K. 


The  total  change  in  enthalpy  can  be  calculated  using  the 
formula,  ,  .  &;■  ii  i  .  ;■  j 


Ah  i-  2 


fT2 

U  V” 

c  (T2  -  T  i ) 

>  \ 
2.09(886-300)  *  10** 


=  1.22  x  10 7  J/kg-mol.j: 
(b)  Using  the  real  gas  equation  of  state 


Pv  =  RT  +  \\b  -  a/T)]  P 

complicates  the  problem.  Now  a  value  of  T2  must  be  found 
such  that  the  change  of  entropy  from  the  initial  to  the  final 
state  is  zero .  This ,  however,  can  be  done  only  by  a  trial- 
and-error  solution,  as  follows: 


1.  An  initial  value  for  T2  is  guessed,  usually  close 
to  the  value^obtained  by  the  ideal  gas  equation. 
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2-  ,  Knowing  Plt  T{;  P2,  and  T2  the  value  of 'As. 

•'  r- can  be  calculated.  *  .  1-2 

■  U  it-  ?<  *  ■  *- 

3.  The  last  guess  of  Tz  is  then  corrected;' 

*'  »  •  *  -  ■  '  ■  ■ 

4.  Steps  2  and  3  are -repeated  until  a  value  of  T2  has 
been  found  that  makes  Asx  equal  to  zero. 


J  » 

u  •  O 


Fig . ^ 1 


To  make  the  solution  clearer  a  three-step 
shown  in  Fig.  1  for  the  evaluation  of  As. 
diagram. 


path’  is  sketched  as 
This  is  a  P-T 


The  total  change  in  entropy  is 


where 


'  I 


As 


i  ; 


_  ASi-a  +  Asa-b  +  isb- 

4V*  =  dP  ; 

A  '  ‘  '  fT2  C  *' 

asa-b  7-1  fa-. dT 

*  Ti  T 


=1  ,  > 


'X  i 

rP, 


7  i..  r  . 

where  P*  -  is  a  very  low  pressure  approaching  zero. 


( 3 ) 

(4) 

(5) 


348 


3  v 


The  quantity  ^  is 


R  |  a 
3T  P  T2 


•f 


-  C- « 


(6) 


(8) 


Substitution  of  Eq.  (6)  into  (5)  gives 

rP  i  it*  lii;  *  v  ■*£ 


■  /Rt 

isv*  “  Iv'  kl.  „T2h 


'lNf 


Rr^-n  P*- "  .Tt*(P*'-  P**'  l 

...  •  .  :  >  '■  4* 

Combining  Eqs.  (7),  (8),  and  (9)  gives 

•  '  •*  H  ■ 

-  .  *  .  *  ■  4 

r>  i 

f  us.  ..  -  Ail  n~  a;  ~tn 

1  1 


aP  2 

2 


(9) 


•  >  „  ,  P2  ;  „  *  i  ‘Tl  .  .  aP  1 

As  —  — R  In  p  +  c  In.™  t  z  t  2 
l->2  «  P,^H  *P  ■'  1  l  1  2- 

T  ijf  -  "  T  ’ 

which  upon  substitution  of  the  numerical  values  results  in 


As  =  -8310  In 
1  2' 


182.4  .  «  T2  ..  (0.385X1.22  x  1Q_«1 


“1272“  +  2*<09:X-10  '|ln  300  +  * 


(300) 2 


-  (0.385X1.82  x  107) 

*  ..  ^  ’*  »,  r  f 


or 


As  x_^2  =  -22,500 


- - 2. 09  *10 “  in  «no 

kg-mol  K  *  300 


T  2  2 


’K/kg-mol 

(10) 


In  Eq.  (10)  As  is* a  function  df "the  temperature  T2.  To 

solve  this  equation  the  following  table. is  set  up,  where 
values  of  T,  are  assumed  and  values  for  As  are  calculated. 


Table  1 


assumed  t i  7*  7  7.0  x  10»  J  tr.  _  J.- 

r,  30o  ,n  556 ■  kg-mol  :;rr; - ■  kg-mol  BK  ^-‘-kg-moFK 


860  2.87  2.195  x  10*  ,  9.5 

883  2.94  22500  4  ,7  9.4 


-540 

~0 
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The  value  T2  85  860aK  is  that  obtained  for  the  ideal  gas 
approximation.  However  this  value  substituted  into  Eq.  (10) 
does  not  give  a  value  of  zero  for  the  change  in  entropy  (as 
shown  in  the  table).  Therefore  another  value,  greater  or 
lower,  must  be  guessed  for  the  temperature  in  order  to  give 
Asi^2  **  0.  However,  the  guessing  of  different  numbers  can 

result  in  lengthy  and  unnecessary  calculations.  Hence,  a  more 
systematic  reasoning  can  be  used  to  find  a  second  guess  for 
T2.  To  do  that,  first  draw  a  step  path  similar  to  Fig.  1 
using  as  the  final  temperature,  the  temperature  we  are 
searching  for. L  This  will  result. in  Fig.  2  where  T2 *  is  the 
temperature  T* »  «  860°K.  In  Fig.  2, 4 point  2  is  the  point 
where  As,  =  0.  Until  the  point  2‘ 

t  '  *  -  *  .  ■■ 

As^^,  =  -540  J/kg-mol°K  (from  the  table). 

This  implies  that  for  As1_^2  to  equal  to  zero,  As2,.*2  must 
equal  +840  J/kg-mol°K  since 

-  i  i  -i  .• 

Asi-2  "  Asi-2’  +  is2'-*2 
or 

'  r  -  ’  0  =  -540  +  A s  2 *  -*•  2  . 

and 


f  As j  * ^.2  =  +540  J/kg-mol°K. 

However  Asj p  ip  given  by 


Tz  CP 

dT 

[V 


since  the  process  2^2'  is  a  constant  pressure  process. 


“  CP  ln  # 
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or 


540  =  2.09  x 10 


\860/J 


and 


ln  (^).=  °;0258 

Taking  the  antilogarithm  gives 

T”  =  1.0262 


or 


860 


T2  =  882.51  s  883°K 


*  Hi 


Now  using  this  value  for  T2  ,  and  substituting  it  into  Eq.  (10) 
results  in  the  second  value  of  the  Table,  which  is  " 


As  =  0  . 


t  . 


Now  that  the  temperature  at  state  2  is  known,  the  change  of 
enthalpy  for  the  gas  can  be  calculated  as  * 


Ah  =  Ah  +  Ah  , 

1 2  1  2L->-D 


Ah 


b->2 


(ID 


where 


Ah 


i-*a 


r  P* 


ti 


v  -  T 


dP 


Ah 


a+b 


and 


=  (b  -.|S)(P.  .  Pl)  _  ■ 

=  |^0. 0153  -  2(30Q85^]  (0-12.2 
=  -0.1553  J/kg-mol  I 

fTz 

c*  dT  =  c*  (T2  -  TX) 

JTl 

=  2.09  x  10*4  (883-300) 

=  1.22  x  io7  J/kg-mol 

:  C 


ihb„  ■  L.  [j  -  Tp)p_ 


dP 


vE- 


0153  -  2—^85)  1(182.4  -  0) 


883 

2.6317  J/kg-mol. 


2]l 
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Substituting  these  values  into  Eq.  (11),  yields 


Ah  =  -0.1553  +  1.22  *  3.07  +  2.6317 

1  -*■  2 


=  1.22  x  io7  J/kg-mol 

■t  ; 

From  Eq.  (1)  then,  the  work  is  found  to  be 

w  =  -1.22 x  io7  J/kg-mol 


THE  AIR  TABLES 


•  PROBLEM  7-10 


One  pound  mass  of  dry  air  expands  reversibly  and  adiabatically 
from  an  initial  state  of  900°R,  100  psia  to  a  final  pressure 
of  10  psia.  Calculate  the  final  temperature  of  the  air,  and 
show  that  the  ratio  of  the -.two  relative  volumes  is  equal  to 
the  isentropic  volume  ratio. 


Sol u t ion :  (a)  This  problem  can  be  solved  by  either  assuming 
ideal  gas  behavior  and  constant  specific  heats  or  using  the 
air  tables.  However  since  the  latter -gives  more  accurate 
results  since  it  also  takes  into  account  the  changes  in  the 
specific  heats  we  choose  to  use  the  air  tables.  Then  from 
the  tables,  at  state  1 

.  v 

Ti  =  900°R  *  [ 500°K ]  P  /=  8.411 

r  i 

Since  this  is  .a  . reversible  and  adiabatic  process 


r  2  P2  • 


ri 


(1) 


or 


f-  „ 

P 


r  2 


Pr  'M 


Substituting  the  numerical  values,  gives 

P  =  8.411  (■!§-)  =  0.8411 


YZ 


Uoo ; 


For  this  value  for  the  reduced  pressure  at  state  2,  the  air 
tables  give  a  temperature 

T2  =  468°R  [260°K] 

which  is  the  desired  temperature 
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(b)  Eq.  (1)  can  be  converted  into  a  volume  ratio  by 
substituting  the  relation  • 


RT  J 


which  gives 


,  .  n  p 

2  /  v  2  _  r  2 

'i  /Vi  f  •  -  P 

1  viJs=const.  ri 


VI 

V2J«= 


.  *  P  /T 
_  r  i  2 

P  /T 

s=const.  r2  i 


The  form  of  Eq.  (2)  suggests. a  definition  for  the  relative 


volume  v  as 
r 


V  Ip. 


Substituting  Eq.  (3)  into  Eq.  (2),  obtain 


v£]  .  _  Vri 

vds=cohst.  ,vr2 


•  PROBLEM  7-11 


One  pound  of  dry  air  initially  at  14.7  psia  and  60. 3F  is 
compressed  in  a  reversible  adiabatic  nonflow  process  through 
a  volume  ratio  (compression  ratio)  of  6.  Determine  the  final 
state  of  the  air  and  calculate  the  work  required  for  the 
process . 


Solution :  From  the  tables  of  air  at  low  pressure,  at 

T  =  520°R  at  the  initial  state  (State  1) 

v  =  158.58  u  =  88.62  Btu/lbm  P  =  1.2147 
ri  i  r  i 

Since  the  volume  ratio  —  isrknown  the  following  equation  can 

V2  -  *  • 

be  written 


r  2  _  v_2 
vi 


r  2  c  v  i/v  2 


=  158,58  =  26.43 
6 
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For  this  ^value  of  vr2>  the  air  tables  give 

T2  =  1050°R 
u2  =  181.47  Btu/lbm 
P„  =  14.686 

T2 

The  pressure  ratio  at  states  1  and  2  is 


Solving  for  the  pressure  at  state  2  gives 


=  178  psia 


Since  two  independent  properties  have  been  found  the  final 
state  is  considered  completely  defined.  However  as  a  check, 
using  the  relation 


h  =  u  +  Pv 

t .  •  <**<••.,  •  t 

the c value  for  h  must  be  the  same  as  the  one  given  in  the  air 
tables.  -  Therefore  .  ~  ,  , 

"  ...3.,,'  *'  •  ■  ' 

:  t  h2.  =  u2  +•  Pv2  „ , 

.i  i  -  •  4  h-  .h  * 


—  U  2  + 


r 


3~ 


t =  181.47  + 


1.986  x 1Q5Q 
29 


l.l 


-  253.4  Btu/lbm 


which  checks  the  value  given  in  the  air  tables.  This  is  an 
adiabatic  process,  hence 


From  the  first  law 


Qi-*  =  0 


=  88.62  -  181.47 
-  -92.85  Btu/lbm 
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•  PROBLEM  7-12 


Air  is  expanded  reversibly  and  adiabatically  from  an  initial 
state  of  150  lbf/in2,  2100°F  to  a  final  pressure  of  17. lbf/in2. 
Calculate  the  changes  in  enthalpy  and  specific  volume  of  the 
air  by  using 

*  -  _  +*  *  i 

(a)  The  perfect  gas  laws  with  constant  specific  heats. 

(b)  The  air  tables. 


Solution :  (a)  The  change  in  the  specific  volume  is  given 

as  s' 

Av  =  V  2  •  -  V  !  1  I 

At  state  1,  using  the  ideal  gas  equation  of  state,  obtain 

Pivi'  =  RTi 


*  t  RT  i  - 

v  =  - =■ 

1  Pi 

where  •  .  •  <■  f 


R  =  53.34  ft-lbf /lbm-°R 


Pj  =  150  ~f‘  x  1 — 2 n ~  =  21,600  lbf/ftz 


T  i  =  2100°F  +  460  =  2560°R 


Therefore 


=  (5^600)60)  "  6.3218  ft  Vlbm 

At  state  2  the  temperature  is  unknown.  However  solving  for  v2 
in  the  relation 

p  v  k  =  p  v  ^ 


gives 


where 


V2  =  V, 


k  =  1.4  .„  (  for  air) 


u-r  ,  i: 


\  i/i.i 


v 2  =  6.3218  ((17^144))  -  *  29.9433  ft3/lbm 
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•Then  by  Eq<  (1) 

Av  =  29.9433  -  6.3218  =  23.6215  ft3/lbm 

(. i  ■ 

The  change  in  enthalpy  is  given  as  ‘  ‘ 

*  >  * 

Ah  =  cpAT  =  cp(T2  -  Ti) 


At  state  2  the  temperature  is  unknown.  However  in  the 
relation 

P.jlYji  = 

T  i  T2 

solving' for  T2  gives  - 


.  r 


T2 


Ti 


I  P  2V  2\ 

VPivJ 


„,Kn  { 2448  x  29.9433 
l 21600  x  6.3218 


=  1374. 2°R  =  914. 2°F 


(2) 


For  a  constant  specific  heat  c  =  0.240  Btu/lbm-°R  Eq.  (2) 
gives  p 


Ah  -  0.240  (1,374.2  -  2,560)  =  -284.59  Btu/lbm 


(b)  Using  the  air  tables  is  more  accurate  because  it  takes 
into  account  the  changes  in  the  specific  heats.  Then  from 
the  air  tables  at  Ti  =  2560°R  .  "  ; 

hi  =  663.0  Btu/lbm  P  =  481 

r  1 


For  a  reversible  adiabatic  process 


r  2  „  P 


n 


Pi 


or 


=  54.51 


Then  from  the  air  tables  at  P  =  54.51 

r  2 


T2  *  1490. 4°R  h2  =366.65  Btu/lbm 
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Therefore 


Ah  ,*'=  h2  -  hi  - 

1  -r  £.  a 

♦  * ;  „  —  366 . 65  v -  663 . 0 

=  -296.35  Btu/lbm 

From  part  (a)  the  specific  volume  at  state  1  is 
V!  =  6.3218  f t 3 / 1 bm 

At  state  2  using  the  ideal  gas  equation  of  state 


_  (53 . 34 ) ( 1490. 4 ) 

-  " :  2448 

=  32.4746  ft 3  /lbm 

Then  by  Eq.  (1)  -  1‘ 

■  *  Av  =  32.4746  -  6.3218  =  26.1528  ft3/lbmsl 

(r  ‘ 


THE  GENERALIZED  COMPRESSIBILITY  FACTOR 
CHART  ‘  * 

•  PROBLEM  7-13 

What  is  the  pressure  of  carbon  dioxide  (C02 )  at  200°F  and  a 
specific  volume  of  0.20  ft3/lbm?:i 


<  |  • 

Solution:  From  the  table  of  the  critical  constants,  for  C02, 

t 

T  =  547. 6°R 
cr  >  ■.  * 

V  =  1.53  ft 3 /lbm-mole  =  0.0348  ft3/lbm 
cr 

Z  =  0.279 
cr 
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Then 


Vr*  =  vrzcr:  =;  5.747(0.279)  =  1.63 

From  the  generalized  compressibility  factor's  chart  at  T  and 
vr' ,  obtain  r 


Hence 


Z  =  0.87 


Ui  V  .  '  ^  t 


-p  = 


_  0.87(35.12X660) 
0.20  x  144 

~  700  psia. 


•  PROBLEM  7-14 


What  is  the  volume  of  a  container  required,  to  store  1500  lbm 
of  ethane  (C2Hg) fat  160°F  and  a  pressure  of  1100  psig  (page 
pressure)? 


Solution i  To  compute  the  required  volume,  the  equation  of 
state  for  real,  gases.  , 

•’  •“*  Jk.  &  4  *-4.  ^  -*w..  ■  ^  -Vi  -+rr  4‘*>, 

Pv  =  ZRT  (1) 


Pv  =  ZRT 


has  to  be  used.  A  value  of  Z  is  found  from  the  compressibility 
factors  chart. at  the  reduced  pressure  and  temperature.-  Then 
all  the  values  are  substituted  into  Eq.  (1)  and  the  equation 
is  solved  for  v.  Since  the  pressure  is  given  in: gage  reading,; 
we  have  to  convert  to  absolute  pressure.  Thus 


P  ,  =  P  ^  +  p 

,  abs,  t  ^  atm^  gage 


Pabs  =  14*7  +  1100  =  1114  Psi 

*  ,$*'  Si  '  •'  "  *  ’  ,  f  ; 

From  the  table  of  critical  constants,  for  ethane 

Tcr  550°R  ^ 

4  *  |  i'w  ^  ■  v  r '  p  .s'-  * 

Pcr  =  48‘2  atm  x  — -~^-/ln2  =  708.54  lbf/in2 


R  =1542.6  ft-lbf/lb  mole-°R 


MW  =  30.07  Ibm/lb  mole 
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Therefore , 


rp  -  T  —  _  620  -  i  127 

r  “  "  550 
cr 


3-bs  _  1114  _  i  RP70 

Pr  '  P -  708. 54  "  1’572 

cr 


Then  from  the  compressibility  factors  chart 


Z  =  0.49 


Substituting  into  Eq.  (1)  and  solving  for  v  gives 


_  (0.49)(1542. 6X620) 
1114 


=  420.68 


x  -  =  2.9214  ft 3 /lb-mole 


lb  mole  144  in 


Solving  for  the  volume 


V  =  v  x 


ft3  „  1500  lbm 

-  2.9214  i^_moie  x  30.07  lbm/lb  mole 


=  145.73  ft3 


•  PROBLEM  7-15 


A  chamber  contains  3  lb  of  nitrogen  at  5,000  psia  and  392  F. 
Using  the  figure  below,  determine  the  final  pressure  of  the 
nitrogen  inside  the  chamber  if  the  temperature  is  lowered  to 
32°F .  Assume  R  to  be  constant. 


I 


Solution:  Since  the  chamber  is  closed  (nothing  enters  or 

leaves  the  system),  the  mass  of  nitrogen  is  constant. 
Therefore  the  equation  of  state  can  be  written  for  states  1 
and  2  as , 


Z  i  RT  i 


Z  2  RT  2 


*  (2) 
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Combining  Eqs.  (1)  and  (2),  yields 


or  solving  for  P2 , 


Where 


and 


l  P1V1  =  P2V2 
Z1T1  ZzTz 


Pa 

1 

Ti 

T2 


=  P1ZST? 
ZiT* 


=  392°F  +  460  =  852°R 


=  32°F  +  460  =  492°R 


(3) 


0  1000  2000  3000  4000  5000  6000  7000  8000  9000 


,  Pressure,  psia 


Eq.  (3)  has  two  unknowns,  and  will  have  to  be  solved  by  using 
a  t rial-and-error  solution  along  with  the  compressibility 
factor  chart.  From  the  figure,  the  value  of  Zi  (at  5000  psia, 
392T)  is  approximately  1.19.  Since  the  final  pressure  is 
unknown,  assume  that  it  is  P2  -  3000  psia,  for  which  Z,  =  1.04 
Then  from'Eq.  (3)  ’ 

■  •  f'  ■  1  .  '  :  3  •  ■*  ,  j  *  ■  ' 


t 


5000(1. 04) (492) 
( 1 . 19  )  ( 852  ) 


2,523.4  psia 


For  this  pressure,  however,  the  compressibility  factor  as 
found  from  the  figure  is  Z2  =  1.02.  Hence  the  assumed 
pressure  is  too  high.  *  \ 

••  ^  *  • 

Next  assume  P2  '=  2400  psia.  1  From  "the  figure  Z2  =  1.01,  and  by 
Eq.  (3) 


P2 


5000(1. 01)(492) 
( 1 . 19 ) ( 852 ) 


2,450.6  psia 


which  is  close  to  the  assumed  pressure.  Thus  this  is  the 
approximate  final  pressure.  If  greater  accuracy  is  needed, 
more  trials  and  a  more  precise  compressibility  chart  will  have 
to  be  used. 


•  PROBLEM  7-16 


Pure  methane  initially  at  3000  psi,i65°F  enters  a  pipeline  of 
12-in  inside  diameter,  at  a  rate  of,  70  lbm/sec.  Using  the 
generalized  compressibility  factor  chart,  calculate  the  inlet 
density  and  initial  velocity  of  methane.  t  ^ 


Solution:  The  direct  solution  is  based  on  the  real  gas 

equation  of  state  \ 

Pv  ,=  ZRT 


(1) 


since 


p  =  v 


the  equation  of  state  becomes 


p  = 


ZRT 


(2) 


where 


p  =  density 

Z  =  compressibility  •  factory, 
R  =  1545  f t-lbf /lb-mol-°R 


Express 

p  _  3Q00  lbf/in2  _  4.32  x;l05  lbf/ft2 

'  !? 

•  T  ^  65  +  460  =  525°R  "  :  J  ^ 

From  the  table  of  critical  constants  "for  methane 
MW  =  16  lbm/lb-mol  \  -• 


T  =  343. 9°R 
c  ■■ 


A  tt 


v  f  ■ 

4  T  1_  -C  /  -C  4-  2 


.  ,  P  =  9.70  X  10“  lbf/ft2  & 

*■-*  C  ’ 


..  _  f  »= 


>  ?!;/ 


Then  the  ideal  gas  constant  (in  mass  units)  is  expressed  as 


i  k 


r  =  R/(MW)  =  1545/(16)  =  96.7  ft-lbf /lbm-°R 


To  use  the  generalized  charts,  the  reduced  temperature  and 
pressure  of  the  incoming  methane  must  first  be  evaluated. 


T  525  _  i  < 

Tr  =  =T  =  M379  "  1-53 

p  _  P  _  4. 32  x  jgj  = 

Pr  ~  P  9.70  x  10“  * 

c  .  4,  %  |  -  •  >'  *  *  ’  *  f 


li 
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Then  according  to  the  compressibility  factor  chart  for  these 
conditions 

<  „  .  -  -.1  v 

Z  =  0.82 

From  Eq.  (2)  then 

p  (0. 82)(96. 7) (525)  10*37  lbm/ft 

The  velocity  then  can  be  found  using  the  formula  :| 


m  =  pVA 


Solving  for  V  gives 


V 


m 

pA 


where 


TTd2  _  7T(  1 ) 2 

4  4 


0.785  ft2 


The  velocity  is  then 


V 


70 

(10.3X0.785) 


8.6575  ft/sec 

* 


*  •  PROBLEM  7-17 


A  cylinder  having  a  volume  of  10  ft3,  has  a  safe  working 
pressure  of  500  psig  (gage  pressure).  What  is  the  maximum 
operating  temperature  for  the  cylinder  if  it  contains 
1  lb-mole  of  propane? 


Solution :  Since  the  temperature  is  not  given,  a  trial-and- 

error  solution  is  required  to  find  the  temperature  T  that 
will  satisfy  both  the  compressibility  factor  chart  and  the 
equation  of  state 


where 

P  =  P  *  +  p 

gage 


atm 


(1) 


500  +  14.7  =  514.7  psi  s  515  psi 


R  =  1543.15  ft-lbf/lb  mole-°R  x 


1  ft2 
144  in2 


=  10.73  ft 3 . lbf /lb  mole-°R  in2 
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From  the  table  of  critical  constants:  for  C3Ha 

T  =  370°K  =  666°R s 

cr  «  ■  v  ' 

P  =  42. 1  atm  ='  619  lbf/in2 
cr 


Then 


Pr  P 


cr 


§1  t  °-833' 


and 


T  —  “ 
1  r  1  T 


Isf' 


cr 


or 


Then  Eq.  (1)  becomes 


T  =  Tr  x  TjM-  =  666 °R  x  Tr 

4 

& 


z  = 


>  |if 

515  x  10  i-  479 


,  10.73  T  (  ,j-  T 


to' 


(2) 


(3) 


Now  the  trial-and-error  solution  can  be  started  as  follows: 

First  trial:  Guess  T  =  1.2.#  -Then  from. the  compressibility 

r  ■ 

factor  chart  at  P  =  0.833  get 

±  .  ^ 

Z  =  0.83  .  * 

From  ( 2 ) 

'  <  -  ■  &  .4  T .  =  \  666  x  lr,  2  ='f799°R  " 

Substitute  this  value  of  T  into  Eq.  <3)t  and  obtain 

479 


Z  = 


799 


=  0.6 

«■  1.  .. 

s  - 

3_i 


9  i\ 


Since  this  value  of  Z(=0.6)  and  that  obtained  from  the 
compressibility  factor  chart  (0.83)  are  not,  the  same, 

%  •  •  -r  1  •  -i:  •••'  •  *  |  *•  in* 

;i  „ 

another  value  for  T  will  have  to  be  guessed,  and  the  same 


procedure  be  followed: 


#  <- 


Second  trial:  Use  the  last  value  'of  Z  to  choose  an  improved 

value  of  T  at  P  =  0.833.*  Let  T^=  1.00.  "  Then 
r  r  1  _ 

Z  ~  0.6  (From  chart) 

T  =  666  °R  '  xr? 

Z  =  0.72  (From  Eq.  (3)) 
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Third  trial:  Let  T  =  1.06.  .  Then  f  f 

.  :  »  r  *  1 


Z  =  0.72  (From  chart) 

*  T  =  706°R 

Z  =  0.68  (From  Eq.  (3)) 

Fourth  trial:  Let  T  =  1.04.  Then 

r  • 

Z  =  0.68  (From  chart) 

T  =  692°R 

Z  =  0.693  (From  Eq.  (3)) 

Fifth  trial:  Let  T  =  1.042.  Then 

r 


Z  =  .0.693  (From  chart) 
T  »  694°R 


Z  =0.692  (From  Eq.  (3)) 


Since  both  values 
this  is  the  final 


m 

of  Z  are  the  same,  it  can  be  concluded  that 
temperature  required.  Hence 


”  T’ 
max 


694°R  =  234°F 


i 


> 


THE  GENERALIZED  ENTHALPY  DEVIATION  CHART 

S'  ‘  •  «  ■'  «  ’  •  '  A 

•  PROBLEM  7-18 


A  closed  system  contains  pure  ammonia  (NH3 )  at  an  initial 
pressure  and  temperature  of  1640  psia  and  1460°R  respectively. 
The  ammonia  then  undergoes  an  isothermal  expansion  to  a  final 
pressure  of  820' psia.  '  Using  the  generalized  enthalpy 
correction  chart  calculate  the  change  in  specific  enthalpy. 


.  m  *  .  -  *  '  v  -  -  ; 

Solution :  The  first  step  in  solving  this  problem  is  to 

convert  to  reduced  pressures  and  „ temperatures,  since  we  are 
going  to  use  the  enthalpy  correction  charts.  For  ammonia 

=  1640  psia 

*  •  cr 

T  =  730°  R 
cr 

MW  =  17.02 
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Therefore 


ri 


r? 


ri 


r  2 


Pi 

P 

cr 


2  '  _ 


cr 


1640 

1640 

820 

1640 


=  1.0 


0.5 


_  _  -1460  _  9  n 

T  „  730  .  “ 

cr 


=  T  =  2.0 
n  t- 


The  enthalpy  values  given  in'  the  generalized  enthalpy  correct¬ 
ion  chart  are  the  differences  between  the  properties  of  a  gas 
assumed  to  be  ideal  and  its  actual  properties.  For  the  ideal 
gas  state  the  properties  are  denoted  by  an  asterisk.  To  use 
the  chart,  the  change  in  specific  ehthalpy  is  expected  to  be 

h2  -  hx  =  -(h*  -  h) 2  +  (h2 *  -  hx*)  +  (h*  -  h)x  (1) 

Assuming  constant  specific  heats  and  introducing  molar 
quantities  for  the  corrections,  Eq.  (1)  becomes 

-  -1  -  -Ff +  VT  + i  <2> 

i> 

However  since  this  is  an  isothermal  process,  AT  *  0,  and  hence 
‘  '  h  2*  -  hi**  c  AT  =  0 


Eq.  (2)  then  becomes 

;  h.2  "  hl  =  -(B  T  ~) 


MW 


(^1 


T-x  T 


c 

MW 


(3) 


From  the  enthalpy  correction  chart 


Substituting  into  Eq.  (3)  i  .  •  *  . ,  “  v  *■{ 

h2  -  hi  =  -  (0.33)  +  0  +  (0.65)  (377702) 

=  -14.15  +  27.88 
=  13.73  Btu/lbm. 
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•  PROBLEM  7-19 


Ethylene  gas  at  an  initial  state  of  22.8  MPa,  338. 4°K 
undergoes  a  reversible  and  isobaric  process  in  which  it  is 
cooled  to  169. 2°K.  Using  the  generalized  correction  chart 
calculate  the  change  in  enthalpy  for  the  process.  Assume 
that  at  this  pressure  - 

c  =  1.4329  kJ/kg-°K 
P 


-  ?  i  '  -  t  * 

Solution;  To  facilitate  the  solution,  first  draw  the 
calculation  path  on  a  P-h  diagram  as  shown  in  the  figure. 

From  this  diagram,  for  the  real  process,  the  change  in 
enthalpy  can  be  calculated  as 

=  OaVi-*'  ‘  (aHc)3**  d) 

where  , 

(Ahc)i-»-2»  are  obtained  from  the  enthalpy 

correction  chart  and  (  h^)2^3  is  calculated  using  the  relation 

(Ahi^2-.3  =  CpAT  =  VT3  "  T2>  (2) 

assuming  constant  specific  heats. 

From  the  table  of  critical  constants  for  ethylene 
l  Tc  =  282  °K 

Pc  =  5.12  MPa 

MW  =  28.05  kg/kg  mole 
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To  use  the  generalized  charts  the  reduced  temperatures  and 
pressures  of  ethylene  must  first  be  evaluated.  At  the  initial 
state  ■  -  -  „  .  ' 


>  ,  Pi  s  22.8 

n  P'c‘*«  5.12 


*4.5 


T  _  Ti>  =  338.4  =  x  2 

1 r i  “  T  282 

c 


From  the  enthalpy  correction  chart 

^2t~  »  27.2  kJ/kg- mol-°K.  .  g 

*  c  i  •  t  •  |  '  • 

t  ..  -ijr  •«<< 

r  ..  ■  :J- 

(Ah  )  =  27.2(282)  =  7,670.4  kJ/kg  mol.  ... 

c  1  2  * 


or 


At  the  final  state 


p  -  p  ■  ='4.5  (isobaric  process) 

r  a  '  ri  ,■<  ■  ■  c 


,  =  T 3.  ■*  169.2 

r  3  T  282 


=  ■  0.6 


From  the  enthalpy  correction, chart  ^ 

hs  HjL|  =  56 .5  kJ/kg  mol-°K 
1  c 

Then  * 


From  Eq.  (2) 


-  00)  T- 


=  56.5(282)  =  15,933  kJ/kg  mole 


(Ah  )  9  =  1.4329(169.2  -  338.4) 


=  -242 . 45  kJ /kg 


or 


(Ah.)2^3  =  Uh.)2^3  *  MW 
=  (-242 . 45 ) ( 28 . 05 )  =  -6800.7  kg/kg  mol 
Finally,  substituting  the  numerical  values  into  Eq.  (1) 
(Ah)1_>.l4  =  |j7,670.4  +  (-6800.7)]  -  15933 

=  -15063.3  kJ/kg  mol 
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i  r* 


or  on  a  per  mass  basis  *<i 

*  i  t  i  —  *  t  ■•  "  •»- 


(Ah>l-,  =  (AE)^4  x 


■  (-15‘-oo:i-3>  (ziros) 


>  tj,  =  -537  kJ/kg. 


**•.»•*.*>  ^  J' 


•  PROBLEM  7-20 


Carbon  dioxide  enters  a  heater  ats  995  lbf/in2,  80°F  and  is 
heated  until  its  temperature  at  the  exit  is  900°F.  Assuming 
the  carbon  dioxide  to  have  undergone  a  constant  pressure, 
steady-flow  process  calculate  the  heating  required  per  pound 
of  C02.  .  ...  ..  •  .  v  \  v’ 


Solution:  Neglecting  kinetic  and  potential  energies,  the  heat 
transfer  for  this  process  (from. the  first  law)  is 

:  ~Q  -  h2  -  .hi  "  _  ,  (1) 

Jr 

and  hence  the  problem  reduces  to  one  of  determining  the  change 
in  enthalpy  by  using  the  generalized  enthalpy  charts.  First 
from  the  table  of  critical  constants  for'C02  ’ 

Pc  =  72.9  'atm  .=  1070  lbf/in2' 

Tc  *=  548°R 

vf  ■  H  \ 

Because  the  tables  use  reduced  pressure  and  temperatures,  and 
also  absolute  Rankine  temperatures,  the  following  conversions 
must  be  performed  ... 


T i  -  80°F  +  460  =  540°R 
T2  =  900°F  +^460  =  1360°R 


P  =  P 
ri  r  2 


=  0.93 


T  =Ii=M0  =  O98 
r  i  T  ..  548  0,98 

r  ,...c  i  •-  .  # 

T  r-.Ii,.  i?60  = 
r2  ""T'c  548  J’48  * 

(  ¥  *  '  i  .  L  ;  ‘  ■  i 

Then  at  state  1,  from  the  generalized  enthalpy  chart 

h  ^  —  h  * 

•“Sp— — ~  -  3.80  Btu/lb  mole-°R 

C  i  '  j  (  A  (■  .  i 
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or 


hi*  -  hi  =3.80  T 
i  c 

At  state  2 

h  2*  -  h  2 


3.80(548)  =2082.4  Btu/lb  mole 

,  ,t  ,  " 

.  .  •  'i!  *  ■ 

0.32  Btu /,1b  mole-°R 

-l' 


or 

h2*  -  h2  =  0.32IT  )  *  0.32(548)  *  175.36  Btu / lbmole-°R 

Assuming  constant  specific  heats,  =  8.91  Btu/lb  mole-  R,  the 
value  of  h2*  -  hi*  can  be  evaluated  using  « 

h2*  -  hi*  =  c"p(T 2 *  (-  Ti*)  (2) 

(The  variation  in  c"p  with  temperature  can  be  taken  into  account 

when  necessary).  From  (2) 

h2*  -  hi*  =  8.91(1360  -540)  =  7,306.2  Btu/lb, mole. 

-* 

Then  from  Eq.  (1) 

Q  =  h2  -  hi  =  -  ( h  2  *  -  h2 )  +.  (hi*  -  hi)  +  (h2*  -  hi*) 

=  -175.36  +  2082.4  +  7,306.2 


=  9,213.24  Btu/lb  mole 


If  the  value  of  the  heat  transferred  is  required  on  a  per 
mass  basis,  then  .  „ 


„  _  Btu  „  1  lb  mole 
Q  =  9,213.24  mo^e  44.01  lbm 


=  209.34  Btu /lbm 


•  PROBLEM  7-21 


Oxygen  initially  at  13.8  MPa,  15.5°C  is  throttled  in  a  steady- 
flow  process  to  a  final  pressure  of  1.38  MPa.  Assuming  the 
process  to  be  adiabatic,  determine  the  final  temperature  of 

oxygen. 


Solution :  Since  the  process  is  adiabatic 

<  Q  -  0 

For  a  throttling  process,  h,  =■  h2.  To  account  for  real  gas 
behavior 

h,*  -  (h*  -  h)i  -  h 2*.  -  (h*  h )  2  '  J 
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or 


.  K 2*2-  hi:  =  -Hi*  -  h)2+r(h2*>-  hi*)  +  '(h*  -  h) i  •  =  • 

Since  the  temperature  change  is  moderate,  (h2*  **  hx*  ) 
evaluated  using  the  relationship 

*  -*■  *  dh*  =“  c  dT 
P 


0  (1) 
can  be 


or 


J  i  \  ■  fsi  l 

with  c  =  0.9216  kJ/kg~°K 

*  r--  -  , 

■4 

For  oxygen  <"  .  *  * 


h 2*  -  hx*  =  c  ( T 2  -  Ti) 

t  <  .  /■  *  ’ 


>.  a 


(2) 


*■  r:  ■■  0,  if  ‘  ■.  r 


(  *v  T *  =  ;154. 8°K 
.i  *  Pc  .=  -5.08  MPa 


R  =  0.25983  kJ/kg-°K 

v  <  '"•*•  .  h 

MW  =  32 


u  '  .  „ 


:  •  4  •  *  i  •  ....  -  *  if;  +  •;  .  S  •  »  S.  i  •  «■'  -  -.!> 

Converting  to  reduced  .pressure  and  temperature 


-  !i,.  iStS  2.72 


ri  Pc  !  -5.08 

i 


p 


*  i  ■ 


T  -  li  -  288.65  __ 
ri  T  154.8  “  lmS7 

t, .  ‘  /•*? 

P  a  a  *-:.2.8  _  0  274 
r 2  P„  5.08 
c 


*r  ‘  4. 

f  t 


jo 


From  the  generalized  enthalpy  deviation  chart 


( K*  -  h ) i  '  s-  '  .  ..  x 

— ~T-  J-  =  7.12  kJ/kg  mol-°K 


and 


<h*  h )  i  =  ^  x  -£ 

.  -  -  T  «  MW- 

c 


=  7.12 


/i54 


r1) 


\  32 

*  4  •'  «  ' 

=  34.44  kJ/kg 


Eq.  (1)  can  also  be  written* as  4  t  f <1 
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h2*  -  hi*  =  (h2*  -  h2)  -  (hi*  -  hi)  (3) 

This  relation  however,  has  more  than  one  unknown  and  hence  a 
trial-and-error  solution  must  be  used  since  there  are  no 
other  equations  applicable  to  the  process.  The  procedure 
goes  as  follows  i  .  ■  .  , 

1  V 


(a)  Assume  a  temperature  for  state  2  and  convert  to  reduced 
temperature.  * 


(b)  Calculate  (h2*  -  hi*)  using  Eq.  (2),  and  using  the 
generalized  enthalpy  correction  chart * determine  (h2*  -  h2). 


(c)  Substitute  the  values  obtained  in  (b)  and  the  value  of 
(hi*  -  hx)  into  Eq.  (3)  .. 

"  „  I 

’  '  - 


(d)  If  the  right  hand  side  (RHS )  equals  the  left  hand  side 
(LHS) ,  the  assumed  temperature  is  the  correct  final 
temperature.  If  not,  then  repeat  the  procedure  until  a 
satisfactory  value  for  T2  has  been  found.  Therefore, 
assume  T2  =  244. 4°K 


244.4 
r2  154.8 


=  1.58 


(h2*  -  hi*)  =  0.9216(244.4  -  288.65) 
1  '  =  -40.78  kJ/kg 


I =1.15  kJ/kg  mol-' 

'  1  C  '  2 

(h*  -  h)  2  =  1.15  (—^— ) 


K 


=5.56  kJ/kg 


Substituting  into  (3) 

-40.75  =  5.56  -  34.44 
-40.75  *  28.88 

;r  • 


This  indicates  that  the  assumed  value  of  T2  was  too  low.  After 
more  trials  the  final  temperature  is  found  to  be 

T2  =  259. 4°K  =  -13. 71°C  '  n 


3?l 


•  PROBLEM  7-22 


A  container  having  a  volume  of  0.3  m3  contains  nitrogen  gas 
initially  at  10  MPa,  200  K.  Heat  is  then  transferred  to 
the  nitrogen  until  its  temperature  becomes  350  K.  Using  the 
generalized  charts  determine  the  final  pressure  and  heat 
transfer  for  the  nitrogen.  _ 


•!  *  ’  '  ■  *  '  i.  ■  y  :  l  ' 

Solution:  Since  no  mass  enters  or  leaves  the  system  the 

mass  can  be  calculated  using  the  equation  of  state  for  real 
gases . 


Let  the  subscripts  1  and  2  represent  the  states  before  and 
after  the  heat  transfer  has  occurred.  To  obtain  a  value  for 
Z  at  state  1  the  generalized  compressibility  factor  chart 
will  be  used.  To  use  the  chart,  however the  reduced 
pressure  and  temperature  will  have  to  be  known  at  that  state 


Therefore 


/  t 
'  Pi 

> 

critical 


critical 


From  the  table  of  critical  constants 


,  «  3.39  MPa;  T  ...  ,  =  126. 2°K 

.tical  critical 


Hence 


=  2.94 


T  200  -  1  SR 

126.2  " 


Then  from  the  generalized  compressibility  factor  chart 

v  x  p 

Zj  s  0.85  , 


From  Eq.  (1)  then 

„  _  P  i  V  i  _ 


(10,000)(0.3) 


ZjRT i  (0.85)(0. 2968 )  (  200 ) 


=  59.46  kg 


Since  it  is  more  efficient  to  work  with  moles  instead  of 
mass,  we  can  express  m  in  numbers  of  moles  (n) 


_  mass _  _  59.46 

Molecular ^Weight  28.013 


=  2.12  moles 
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Eq.  (1)  then  becomes 


PV 

ZRT 


>  >  c 


where  .  .  .  : 

R  =  8.31434  kNm/kmol-°K 
At  state  2  Eq.  (2)  xs  j  .  .  ,, 


n2  = 


P2V 


2  V  2 


Z2  RT  2 


(2) 


(3) 


In  this  equation,  however,  there- are  two  unknowns,  the 

pressure  and  the  coefficient  Z2 .  Therefore  the  equation  will 

have  to  be  solved  by  trial  and  error,  using  the  generalized 

compressibility  factor  chart.  However  because  the  chart 

uses  reduced  pressure  and  temperature,  express  Eq.^.(3)  in 

terms  of  P  ,  as  follows. 

r  | 

:  n 2 Z2RT2  -  P2V2  jj 

or  s  .  t  '  ••  h 

J  .  *i-'.  * 

2.12  x  Z2  x  8.31434  x  350  «.  P2  *  0.3  w. 

6169.24  Z2  =  0.3P2  **.  ■ 

l<  "•  ' 

Divide  both  sides  by  P  ...  ,  and  ;obtain  .j* 

cruicai 

if 

1.8198  Z  =  0.3  P 

2  *  r2  t  - 

or 

P  =  6.0661  Z  (4) 

r2  2 


Also  the  reduced  temperature  at  2  is 


T 


r  2 


350 

126.2 


2.77 


Now  that  all  the  necessary  information  has  been  obtained,  we 
can  proceed  with  the  trial  and  error  solution,  as  follows. 


First  trial:  Assume  P  =6.3.  From  the  generalized 

r  2 

compressibility  factor  chart  at  Tr  s',  obtain 

Z2  =  1.07  k  - 

.  r 

Substitute  this  value  into  Eq.  (4)  and  obtain  ■ 

P  =  6.0661  (1.07)  =  6.4907  >6.3  * 

r2 

Thus  the  assumed  and  calculated  values  for  P  are  not  the 

r  2 

same. 
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Second  trial:  Assume  P  =  6.5.  From  the  generalized 

chart  at  T  obtain  Z  =1.08 

r  2  2  t 

Substitute  into  Eq.  (4)  and  obtain 

P  =  6.0661(1.08)  =6.5514  £  6.5. 
r  2 

This  time  the  assumed  and  calculated  values  for  Prz  are  very 
close.  Therefore  a  fair  approximation  is  Pr2  =  6.53. 

From 

P  =  Jill _ 

..rf,  ,  <■  \  j  >  critical. 

f  .  '  »  ■!:  •  * 

solving  for  P 2  ^  • 

*  3  ■'  ■■  •'  T  *v  .  ■  '*  '  X 

p  f  -  P  .  X  P  .  .  , .  =  6.53  x  3.39  =  22.14  MPa 

2  r2 ‘  critical 

•  PROBLEM  7-23 

Methane  is  stored  at  low  temperature  inside  a  tank  having  a 
volume  of  1.5  m3 .  Initially  the  tank  is  at  a  pressure  of 
8  atm  and  contains. 30%  liquid  and  70%  vapor  on  a  volume 
basis.  How  much  heat  must  be  transferred  to  the  tank  from 
the  surroundings,  so  that  the  pressure  inside  the  tank  rises 
to  100  atm? 


Solution:  The  first  law. written  for  this  process  gives 


Q^2  =  m(u2  -  u j  ) 


From  the  relation 


Eq.  (1)  becomes 


u  =  h  -  Pv 


*Qi  +  2  =  mjj(h2  -  P 2 v 2 )  -  (hx  -  PiVi)] 


<•  ",  j;  T  —  ..  .i  #  '  •.  *  ‘  . 

Qi->2  "  mfh2  -  hX)  -  V(P2  ^  Px) 

Then  convert  the  pressures  to  the  same  units  that  the 
temperature  is.  Thus 

.  .  *  *  ....  *  • 

Px  =  8  atm  x 101.325  — 5  =  810.6  kPa 
1  *  .  atm 

P2  =  100  atm  x  101. 325  ~  x  =  10.13  MPa 

1  atm  1000  kPa 
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In  Eq.  (2)  •  -  i  •  ■ 

V(P 2  -  Px>  =  1.5(10,132.5  -  810.6)  -  13,982.85' kJ  (2a) 


and 

h  2  -  hi  =  -  (h  2*  -h  i )  +  (ha*  -  hx*)  +  (hi*  r  hi)  (3) 

where  (h2*  -  h2),  (hi*  -  hi)  are  found  using  the  enthalpy 
deviation  chart,  and  (h2*  -  hi*)  is  obtained  using  the 
relation  (assuming  constant  specific  heats) 

I! 

dh*  =  cpdT 
or 

hi*  -  hi*  *  cp (T2  -  Ti)  i  (4) 

However,  in  order  to  calculate  these  quantities,  the 
temperatures  at  states  1  and  2  must  be  found  first. 

Since  the  percentage  of  the  volumes  are  given  it  can  be 
written 

Vi ), .  =  0.3V  =  0.3(1. 5)  =  0.45  m3 

1  liq 

and 


V,)  =  0.7V  =  0.7(1. 5)  =  1.05  m3 

1  vap 

From  the  table  of  the  critical  constants,  for  metharie 


P  =45.8  atm  T  =  191. 1°K 
c  *-•  c. 


R  =  0.51835  kJ/kg-°K  '  c  =  2.2537  kJ/kg-°K 

i  P  .  r 


MW  =  16.04  kg/kg-mole  ... 

Since  methane  is  saturated,  from  the  compressibility  factor 
chart  at 

p  =  =  0.1747 

ri  P  45.8 
c 

and  on  the  saturated  gas  line,  obtain  *  \ 


Then  using  the  formula 


T  )  .  -  0.8 

r  i  sat 


T  .  Ti  , 
* r 1  Tc  ' 


gives 


T  =  T  )  'x  T  =  0.8x191.1  =  152. 8°K 
i  r  sat  c 
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The  compressibility  factor  chart  then  gives  two  values  for 
Z;  one  for  the  liquid  state  and  one  for  the  vapor  state. 

Therefore 


Z, ), .  =  0.025,  Z. )  =  0.84 

,  *■  i  liq  i  \  vap  *  =.  j 

The  specific  volume  can  be  computed  now  at  tstate  one,  as 

4,  ;  *  .1  ,  •  _  ' 

;  .  _  v  ;f 

v  1  m 


(5) 


The  only  unknown  in  Eq.  (5)  is  the  mass  of  methane.  However, 


m.  =  m.  ),  .  +  m, ) 

i  1  .  1 liq  1  v 


ap 


(6) 


where 


It 


,  -  Vliq 

m.  ).  .  —  - -1 

1  11<J  vliq 


and 


(7) 


m 


)  =  vaP 

1  vap  v 


vap 


From  the  equation  of  state 


xPv  *  ZRT  *  * 


solving  for  v  at  state  1  gives  ' 


..  v  _  Zl)liqRTl  _  0*025(0.51835X152.8)  _ _  ,  „ 

V')llq - pf - sToTe -  °-0024  m  /kg 


and 

Vi  ) 


vap  P2 

Then  from  Eq.  (7) 


7  \  p'p 

‘  ^  =  °-84(0-51835)(152.8)  .  0  0821  m3/kg  . 


V.),, 


i  ■ 


_  \  =  liq  _  0.45  _  . __  _  , 

1 ^ liq  vi)iiq  0.0024  187*5  kg  *f 


and 


.v  • 


V,> 


"■’vap  -  •  orslli  -  12-79  kg 


vap 


Substituting  into  Eq.  (6),  gives 


mi  =  187.5  +  12.79  =  200.29  kg 

Since  no  mass  enters  or  leaves  the  system,  the  mass  at 
state  2  is  the  same  as  that  at  state  1. 


3?6 


Then 


Also 


m2  =  mi  =  m  =  200.29  kg 


V  2  =  Vi 


1.5 

200.29 


0.007489  in 3  /kg 

!l. 


The  equation  of  state  applied. at  state  2  is 

P  2  v  2  —  Z  2 RT  2 

y 

Substituting  the  numerical  values  gives 


10132.5  x  0.007489  =  Z2(0. 51835)T2 


or 


Z2T2  =  146.392 


Divide  by  Tc  to  obtain  *  ij 

Z  T  ,  =  0.7660 
2  r  2 


* 


<8) 


Eq.  (8)  has  two  unknowns,  and  will  have  to  be  solved  by  trial- 
and-error,  using  the  compressibility  factor  chart,  along  with 
the  information  known  for  state  2.  jfS 


At  state  2 


First  trial: 
Then 


P 


r2 


P_2  100 

P  45.8 

c 


2.1834 


Assume  T2  =  200K 


T 


r2 


200 

191.1 


1.0466 


n 


From  the  compressibility  factor  chart  at  Pr  , 

►  >  i-*'  ‘  Vi 

Z2  *  0.34  ,  .  , 


From  Eq.  (8) 

Second  trial : 
Then 


Z2  =  0.7319 
Assume  T2  =  250°K 


-  250 

r 2  ~  191.1 


1.3082 


T 


r  2 


From  the  compressibility  factor  chart  at  P^, 


From  Eq.  (8) 


Z,  =  0.5855 


Third  trial:  Assume  T  -  240°K 
-  2 

Then  240 

Tr2  -  iff5!  *  1'2559 

From  the  compressibility  factor  chart  at  pr2>  Tr2 

Z,  =  0.62 


From  Eq.  (8) 


Z2  =  0.6099 


Fourth  trial:  Assume  T  =  235°K 
-  2 

Then  90c 

Tr  2  =  19171  ’  1'2297 

From  the  compressibility  factor J chart  at  P  ,  Tr 
*■  ^  f  P  1  '  Z2  =  0.60  * 


From  Eq.  (8) 


Z2  =  0.6229 


From  the  above  trials  it  is  clear  that  the  temperature  lies 
between  235°K  and  240°K.  Then 

T,  =  238°K 


T  =*  -  s=  1  9454  * 

r  2  191.1 

'  ...  •’  r-  '■  <  '  .  ’ 

Now  that  the  temperatures  are  known  at  both  states  the 
enthalpies  can  be  calculated  >  by  using  the  enthalpy 
correction  chart.  Therefore 


/h*  -  h,\ 

ha  -hb-,(-Vr, 


T  — 
c  MW 


From  the  chart 


i^rr2) 


T  =  17.5  kJ/kmol-°K 
c  - 


From  Eq.  (9) 


h«  -  h2  =  17.5  (y§75f)-=  208.5  kJ/kg 
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At -state  1  methane  is  saturated  liquid  and  vaoor,  thus  r  >  r 

‘-vJt,  .<1  »  ..  *  *  V'  WA  .  -  f 

(10) 


where 


( h*  -  h  )  =  (h*  -  h,  )  -  x  (h  -  h..  ) 

1  1  1  il  lVi  li 


=  -  .YAP  =  =  o  0639 

1  m  200.20  ,  u*ub  • 


(10a) 


From  the  enthalpy  deviation  chart  at  the  saturated  liquid 

line  and  T  -  **■  "  fj  ’  1  1 

r  i  ' 

*•  _  *  :  '  ■■■ 

h*  -  h.. 

- —  =  47.5  kJ/kmol-°K 


and  from  Eq.  (9) 

,  -  •  .  '  '  ’  ■  Mj  *•  .  :K  •  -■  <  ’ 

h*  -  hlt  =  47.5(i|i^i)  =  !  565. 9l"  kJ/kg  K  (11)  ' 

i 1  f 

From  the  chart  again,  at  the  saturated  gas  line  and  T 


h*  -  h  i 
1  vi 


=  3.5  kJ/kmol-°K 

*  *  ♦  $  +. 


and  from  Eq.  (9) 

’  -  h*  -  3.5  (ifiji)  =  41.69'kJ/kg  '  ’ 


(12) 


Substituting  (10a),  (11),  and  (12)  into  (10),  obtain 

h*  -  h  =  565.91  -  0.0639(565.91  -  41.69)  (13) 

1  1  ‘  l  ■=  .  •• 

=  532.41  kJ/kg  f 

l  ->»  ‘  v  * £  .  ■  *1 '  ‘Hi 

Also  from  Eq.  (4) 

h*  -  h*  =  2.2537 (23^-152 . 8 )  =  192.1  kJ/kg  (14) 

2  1  ; 

.  ? ••  >•  'f  ,  4  >•••  •  ;■  •  '  =  •”  • f  . 

Then  substitute  (9a),  (13),  and  (14)  into  (3),  to  obtain 
h2  -  hi  =  -(208.5)'  +  192.1  +  532.41  , * 

=  516.01  kJ/kg, 

Substituting  the  numerical  value  of  the  above  expression, 
and  of  expression  (2a)  into  (2),  obtain 

is  ..  r  ■,  ’  - 

Q,  ,  =  200.29(516.01)  -  13,982.85 

i  • 

<  ="89,368.79  kJ  ; * 
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THE  GENERALIZED'ENTROPY  DEVIATION  CHART 
>  *  „  ■  ' 

'  •  PROBLEM  7-24 

A  gas  initially  at  700  psia,  540°R  runs  through  a  heat 
exchanger  and  heat  is  added  to  the  gas  until  it  leaves  the 
heat  exchanger  at  650  psia  and  1000°R.  Using  the  generalized 
enthalpy  and  entropy  charts  calculate  the  heat  transfer  to 
the  gas  and  the  change  in  entropy  of  the  system.  Assume* the 
gas  to  have  the  following  properties 

M  =  31  Ibm/lbmole  P  =  900  psia  T  =  540°R 

c  c 

c  =0.50  Btu/lbm-°R  (at  low  pressure) 

P 


Solution :  First  check  the  inlet  state  1  to  see  if  the  perfect- 

gasrmodel  is  appropriate. 

p  =  ~  =  — -Q  =  0  779 
.  v  ri  Pc  900  .  t-., 

I ' 

T  =  —  =  -5^0  _  i.ooo  * 
r  i  ,  T  540  ,  uu 

<i  c  ! 

Checking  on  the  generalized  compressibility  chart,  Z  =  0.6  so 
that  the  conditions  are  not  those  of  the  perfect  gas 
(Z  =  1.0),  and  we  must  use  the  generalized  enthalpy  chart  to 
calculate  the  enthalpy  change.  For  the  exit  state  2  we  have 

-  t  V  '  *  *  •'*-*  .  + 

p  =  ~  =  =  0.723 

r  2  P  900 

c 

>  (  *  rp '  s=  X  —  looo  _  i  oc 

Tr  2  T  540  1,85 

C  .  L  .  .  ... 

An  energy  balance  gives  the  heat  input  per  unit  mass  as 
t  ■  ,  „  ,  ,Q-h2-hi  .  .  , 

From  the  generalized  enthalpy  chart, 


fi  —  fi  «  >* )  •>  ••  *  *  **  *  * 

-  =2.7  cal/gmole°K  =2.7  Btu/lbmole-°R 

1  c  -  r .  . . 


Then , 


fi  -  2.7T 
h,  =  - 2 

’ft 


2.7  x  540 


Pgi  T  31 


53  (hnor  -  47>  Btu/lbm 

i 


Similarly , 


h  =  h  -  =  (h  -  10)  Btu/lbm 

2  Pg2  31  »  pg2 
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So 


Q  =  h2  -  hi  =  (hpg2  -  hpgl)  -  10  +  47 

Q  =  op(Tj  -  Tj)  +  37  =  0.5 X  (1000  -  540)  +  33  =  267  Btu/lbro 

Note  that  h  is  evaluated  using  the  low-pressure  (ideal  gas) 

value  for  Cp.  If  the  perfect-gas  approximation  had  been  used, 

the  error  would  have  been  about  15  percent.  The  entropy 
change  can  be  calculated  in  a  similar  manner  from  the 
generalized  entropy  chart. 


s2  -  Si 


(  S  2 


Si  ) 


PB 


1.9  -  0.27 
31 


=  0.36  Btu/lbm-°R. 


•  PROBLEM  7-25 


Methane  (CFU)  undergoes  a  steady-flow  isobaric  process  and  as 
a  result  its  temperature  changes  from  688°R  to  516°R.  If  the 
pressure  is  1346  psia,  determine  the  change  in  specific 
entropy  by  using  the  generalized  entropy  deviation  chart. 


Table  1 :  Empirical  Equations  for  Specific  Heat  Capacities  of  the  Ideal  Gas  State* 


C)t  =  A  +  BT+CT'  +  D/(T)112,  Btu/lb^F 
cB  =  f,  -  RiJ.  Btu/lbB0F 


Gas 

Temperature 
range  (*R) 

1 

■ 

-9 

C  x  10 

D 

For  7*  «  70°F 

HU 

m 

■ 

■ 

Air 

400  to  1200 

0.2405 

-1.186 

20.1 

0 

0.240 

0.171 

1.40 

0.0685 

1200  to  4000 

0.2459 

3.22 

-3.74 

-0.833 

CO 

400  to  1200 

0.2534 

-2.35 

26.88 

0 

0.249 

0.178 

1.40 

0.0709 

1200  to  4000 

0.2763 

3.04 

-3.89 

-  1.5 

CO, 

400  to  4000 

0.328 

3.2 

-4.4 

-3.33 

0.199 

0.154 

1.29 

0.0451 

H, 

400  to  1000 

2.853 

145 

-883 

0 

0.341 

2.43 

1.41 

0.9850 

1000  to  2500 

3.447 

-4.7 

70.3 

0 

2500  to  4000 

2.841 

45 

-31.2 

0 

HsO 

400  to  1800 

0.4267 

2.425 

23.85 

0 

0.446 

0.331 

1.37 

0.1102 

1800  to  4000 

0.3275 

14.67 

-13.59 

0 

N, 

400  to  1200 

0.2510 

-1.63 

20.4 

0 

0.248 

0.177 

1.40 

0.0709 

1200  to  4000 

0.2192 

4.38 

-5.14 

-0.124 

o. 

400  to  1200 

0.213 

0.188 

20.3 

0 

0.220  | 

0.158 

1.39 

0.0621 

1200  to  4000 

0.340 

-0.36 

0.616 

-3.19 

CH, 

400  to  1000 

0.62 

268.8 

0 

0.532  1 

0.408 

1.30 

0.1238 

1000  to  4000 

nCSi 

32.58 

-41.29 

-  22.42 

C.H., 

400  to  1200 

0.0693 

52.6 

0 

0 

0.348  j 

0.331 

1.05 

0.0174 

CuH2i 

400  to  1200 

0.0510 

52.2 

0 

0 

0.326  ! 

0.316 

1.04 

0.0117 
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Solution :  From  the  table  of  critical  constants,  for 


methane 


P  =  673  psia 
c 


T  =  343. 9°R 
c 


MW,  =  16.03  . 


Convert  Ho  reduced  pressures  and  temperatures 

P  .  m  =  & 

t  ri  PC  673 


P  =  P  =  2.0 

r  2  r  i 


T  mh  m  688-_  =  2  o 
Tr  i  Tc  343.9 


T  -  =  516 

Ar  2  Tc  343.9 


=  1.5 


*> 


The  change  in  specific  enthalpy  is  expected  as  ^ 


if  V 


}S2  ~  Si  •=  |~S2*  -'(S*'M-  s)7j  --  jjSl*  -  (S*  -  S)  7] 

T 

=  -(S*  ~  S ) 2  +  (S2*  -  Si*)  +  (S*  -  S)l 


Assuming  variable  specific  heats 


*  .  r-  *  *  v  • 
s2*  -  Si*  = 


But  P2  =r  Pi,  hence 


,  fT  2  c  „  r>  p  , 

—2  (jT  in  fil 

T  J  Pi 

’  T  i  •  '  /■  •  - 


rT2  cn  1 
-f.UT, 

.  x  Q  li  ,  •>. 


From  the  accompanying  table 


c  =  o  453  +  0.62x10  $T  +  268.8x10"  T2  Btu/lbm-°F 

p  ’  -  :  •  '  t  ' 

i 


Substituting  into  Eq.  (3)  and  integrating 

516 


s 2 *  -  Si*  =! 0.453  In 

,f  s  - 


.  .  i 


n  +  0.62  x  1°  (516-688) 

1  V  1 

^  268.8^10-^5,6)2  .  (688)g  * 


=  -0H322  Btu/lbm-°R 


(1) 


(2) 


(3) 
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From  the  generalized  entropy  chart 


(s*  -  s) 


s*  -  s*) 
MW  ) 


Ul±__ 

16703 

=  0.0711  Btu/lbm-°R 


(s*  -  s) 


s*  -  s 
MW 


0.55 

16.03 

=  0.0343  Btu/lbm-°R 


Substituting  the  numerical  values  into  Eq.  (1),  obtain 

i 

s2  -  Si  =  -(0.0711)  +  (-0.1322)  +  (0.0343) 

=  -0.169  Btu/lbm-°R 


•  PROBLEM  7-26 
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Solution:  First  check  states  1  and  2  to'see  if  the  perfect 

gas  model  is  appropriate.  From  the  table  of  critical  con¬ 
stants,  for  ethylene 

P  =50  atm  T  =  282°K 
cr  cr 


Then 


R  =  1.9854  Btu/lb  mole-°R 


[8.3144  kJ/kg°K] 


P  . 
r  i 


_1_ 

50 


0.02 


T  -  Ti  -  338.4  =  0 

ri  T  •“  282 

cr,. 

checking  on  the  generalized  compressibility  chart 

Z  =  1 


so  that  at  state  1  the  conditions  are  'those 
gas.  For  the  exit  state 


< 


225 

50 


4.5 


for  the  perfect 


T  =  T  =  1.2 
r2  r  i 


Checking  on  the  generalized  compressibility -chart 


►  ■  ► 

so  that  at  state  2  the  conditions  are  not  those  for  the 
perfect 'gas  (Z ’  =  1).  Now  the  calculation  path  can  be  drawn 
as  shown  in  Fig.  1.  To  calculate  As  for  the  real  gas 
compression  process,  (Asr^)1^2,  first  calculate  (Asi>1_^2 

for  the  compression  of  an  ideal  gas  from  1  to  225  atm  and 
subtract  Asc  (obtained  from  the  entropy  correction  chart) 

from  the  result. 


The  calculation  path  shown  in  Fig,*  1  indicates  that 

'  ! 

<srlY  =  (si)i’"(si,!<(srl)i 


The  arrows  for  As  and  As.  on  the  abscissa  indicate  that 
c  i 


As  ,  =  As.  -  As 
rl  l  c 
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i 


Since  all  the  needed  information. is  known  the  solution  of  the 
problem  proceeds  as  follows  '  , 


Ideal  gas  path: 


As. 


dQ  „ ? 

dW  o 

T 

-  T  1  "J 

-  -I  ¥ 

Substituting  the  numerical  values 


+  -R  In  ^ 


As^  —  -1.9854  In 


/225 


■ 


75  Btu/lb  mole°R 


or  i  ■* 

(s.)  -  (s.)  =  -10.75  Btu/lb  mole-°R  [-45.03  kJ/kg-mole°K] 

1  2  1  1  i. 

From  the  As  correction  chart  , at  P  ,  T  -  obtain,  c  |  »  * 

r  2  r  2 

AS  =  (s.-s  ,)  =+4.0  Btu/ lb-mole0  R  [  +16 . 75  ,kJ /kg-mole-°K] 

c  i  rl  2 


For  the  real-gas  compression  process,  " 

'  & 
y  -**4  -  ♦  A  * 

(  As  ,  > =  As .  -  As 
rl  ,.i  c 

",  •:  liv  " 

^  "  ~]VsiVi  ■  <si)i 

i  .  /  :  -I  ^  < 

[  =  -10.75  -  (+4.0) 

'■s* 

=  -14.75  Btu/lb-mole°R  [-61.78  kJ/kg-mole-°K] 

vf  r  V 


t  '  F  ,  i  '  “  "i ' 


•  PROBLEM  7-27 


Ethylene  gas  enters  a.  turbine  at  225  atm,  338. 4°K  and  expands 
reversibly  and  adiabat ically  to  a  final  pressure  of  100  atm. 
What  is  the  temperature  of  the  gas  at  the  exit  of  the  turbine? 


Solution:  First  draw  the  calculation  path  for  the  process 

as  shown  in  the  figure.  From  the  table,  of  critical  constants 
obtain,  for  ethylene 

*  -i  ■-*  .  T  r  =-510°R 

c  )  t 

P  =50.5  atm 
c 

f  "  ■  i  — • ,  <.  .  - .  f .  -  ;  .  ,  *  } 

Cp  =  8.53  Btu/lb  mole-°R 

Converting  to  absolute  Rankine  scale 


Ti  =  ~  ( 338. 4)'  =r  609. 12° R 


Also 


ri 


Ti 

T 


609.12 

510 


=  1.2 


T  =  — ' 
n  Pc 


225 

50.5 


=  4.5 


At  state  2 


Pz  100 


r  2 


P  .  50.5  i 

c 


=  2 


i  t 


rp  ^  H  — 

r4  T  282 
i  c 


Now  using  Fig.  1,  the  following  equations  can  be  written  for 
As.  (Let  the  subscript  i  stand  for  the  ideal  gas,  and  rl  for 
the  real  gas. ) 


Path  1-2:  From  the  entropy  deviation  chart 


As  =  4.0  Btu/lbmble-°R 
c  « 


Path  2-3: 


Asi  =  -R  In  -  -2  In  |||  =  +1.62  Btu/lbmole°R' 


Path  3-4: 


ASi  -  cp  In  -  8.53  In  609>12 

Path  4-5:  The  value  of  As  must  be  obtained.  The  change 

■  i  c 

in  entropy  for  the  real  gas  is 
(isrl)1,s  =  (As0)1h.2  +  (Asi)2^.3  +  (&s1)3,t  -  (As0)i,s  =  0 

:  *  t 

Substituting  the  numerical  values  gives 

4  +  1.62  +  8.53  In  6Ql\12  -  (Aso>„,s  =  0  J 


Rearranging,  gives 


8.53  In 


605712  -  +  5'62  "  0 


or 


(Asc)„^5  -  5.62  +  8.53  In  -gog^f2 


fo¬ 


ci) 
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The  above  equation  has  two  unknowns  and  therefore  must  be  * 
solved  by  employing  a  trial-and-error  solution,  along  with 
the  use  of  the  entropy  deviation  chart.-  The  procedure  is  as 
follows.  “  i 


1.  Assume  a  temperature  T 4 ,  and? convert  it  to  a 

reduced  temperature.  * 

2.  Using  T  and  P  obtain  a  value  for  (As 

°ri*  r  4  c4-*5 

from  the  entropy  deviation  chart. 


3.  Using  the  assuned  temperature  T4  (in  °R)  calculate 
(As) using  Eq.  (1) . 

4.  Compare  the  values  obtained  in  3  and  4.  If  they 
are  equal,  this  is  the  final  temperature.  If  they 
are  not,  assume  another  temperature  and  follow  the 
same  procedure  until  a  satisfactory  temperature  has 

1  been  found  that  gives  a  value  of  ( As  )  =  0  in 

+*  ’*  ▼  Q  4-V  5 

*  i*  >-both  3  and  4.  t  ,  i  ■ 


Following  this  path  we  have 

}  .  ■  >  r  .  .  ‘ 

First  trial:  Assume  T4  =  550°R 

* 

t  -  550  - 

r„  ~  510 


& 

1.08 


From  the  entropyTdeviation  chart  .  ,  ■ 

+*  t 

(As)[>^5  =  4.8  Btu/lbmol-°R 


From  Eq.  (1) 

*■  *h;t 
Second  trial: 


*> 


!  ’  *  '  -v  i 

( As )  B  =  4.75  Btu / lbmol-°R 
4-+-  5 

•  s  -■  .»  .ii.  *  t 

Assume  T  =  530°R 

...  •  *'  ■«.  r  i  >  v  *  : 


/ 


T  • -  530 
r„  “  510 


1.04 


From  the  entropy  deviation  chart 

(As)l4^5  =  5.2  Btu/lbmol-°R 


From  Eq .  ( 1 )  ;  - 


Third  trial : 


( As ) *  4.44  Btu / lbmol-°R 


Assume 


T  =  560°R 

4 


560 

510 


1.09 


From  the  entropy  deviation  chart 

<Asc\^.5'=  4-5  Btu/lbmol-°R  # 
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From  Eq.  (1) 


i 


(As  =  4.9  Btu/lbmol-°R 

ll; 


From  the  above  trials  the  following  table  can  be  formed 

>  i  m  • 


T 

"  R 

(ASC )  4^s 

from  entropy 

deviation  chart 

(AS  )4-*-s 
c 

ip 

from  Eg. (1 ) 

530 

5.2  Btu/lbmole-°R 

4 . 44  Btu/lbmole-" R 

550 

4.8  Btu/lbmole-“R 

4.75  Btu/lbmole-°  R 

1 

560 

4 . 5  Btu/lbmole-°  R 

4 . 90  Btu/lbmole-°  R 

From  this  table  it  can  be  seen  that  the  temperature  which 
would  give  (As),,.^  the  same  value  for  both  the  entropy 

deviation  chart  and  Eq.  (1),  lies  between  530°R  and  550°R, 
closest  to  550°R. 

il:  „  i  • 


V 

FUGACITY  AND  THE  GENERALIZED  FUGACITY 
CHART 

i 

-  „  !  -  f  -  !’ 

»  •  PROBLEM  7-28 

What  is  the  fugacity  of  water  at  a  temperature  of  298°K  and 
a  pressure  of  107N/m2?  Assume  that  the  following  properties 
are  known,  for  water  at  298°K. 

p  =  997  kg/m3 

-  *•  *  MW  =  18.02  kg/kg  mol  !i!  ' 

..  i"  2 

P  =  vapor  pressure  =  3,160  N/m 
c 
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Solution:  Since  the  vapor  pressure  at  298°K  is  low  we  may 

assume  that 

f  =  P  =  3160  N/m2 

However,  to  obtain  the  fugacity  at  298°K  and  107N/m2  the 
equation 


/31nf\  = 

'  \*ap  I* 


will  be  used. 


Integrating,  yields  < 


RT  In  ^  =  v(P2  -  Pi) 
-  •  ►  1 1 


'  in  It  ■  &  (Pz  -  Pi) 

Substituting  the  numerical  values 

in  -iLl  -  _ 18 •  02 _  mo7  -  qiAfn 

n  8 . 3143( 298 ) ( 997 ) ( 1000 )  v  D  J 

=  0.073  1  *  * 


ft  =  1.076x3160  =  3400  N/m: 


•  PROBLEM  7-29 


Carbon  dioxide  obeys  the  reduced  Berthelot  equation 
reasonably  well 

r  ,1 

Q  PT  T2 

RT  1  128  PcT  1  6  t2 

<  -  •  . 

Given:  T  =  304.3  K  and  P  =  73.0  atm,  calculate  the 

'  C:  <i:  ..  .  C"  *  .J  ■ 

fugacity  of  carbon  dioxide  at  a  temperature  of  150°C  and 
pressure  of  50  atm. 


Solution :  By  definition,  d  in  f  =  d  Hn  P  +  ^  |v  -  Vid)  dP* 

On  substituting  the  solution  for  V  from  the  given  equation 

1  RT 

and  using  the  relation  Vid  =  -p-  yields 
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I 


where 


'  9T 


d  in  f  =  d  in  P  + 


128  P  T 
c 


1-6 


dP 


(1) 


f  =  fugacity 
P  =  pressure 

T  =  critical  temperature  or  temperature  at  the 
critical  point  /  »  ,  . 

T  =  150  C  or  423  K 


Note  that  at  a  pressure  approaching  zero,  the  fugacity  can  be 
equated  to  the  pressure,  P. 


Therefore,  the  integration  of  equation  (1)  gives 


9  T 


in  f  =  in  P  + 


128  P  T 
.  c 


1  -  6 


Substituting  the  numerical  values 


in  f  =  in  50  + 


( 9  )  ( 304.3) 


(128)(73.0)(423) 


6(304.3) 


(423) 


50 


and 


=  3.91  +  (0.0006929) (-2. 105)50 

<  .  i  5  I  .  !  o  •. 

f  =  46.4  atm. 


'  i 


i: 

i 

k 

•  PROBLEM  7-30 


Use  two  simplified  forms  of  the  van1' der  Waals  equation  of 
state,  one  is  with  b  =  0  and  the  other  with  a  =  0,  to  find 
an  explicit  expression  for  the  fugacity  of  ammonia  in  each 
case  when  the  pressure  is  10  atm.  The  van  der  Waals  constants 

for  NH3  are  a/dm6  atm  mol  =  4.170  and  lOOb/dm  mol  =  3.707. 
Use  these  values  to  assess  the  contributions  to  the  fugacity 
of  the  two  aspects  of  non-ideality .  * 


Solution:  The  van  der  Waals  equation  of  state  is  given  by 


’ 

P 


nb ) 


nRT 


I! 

*  I"*  ■< 


where 


P 

n 

V 

T 

R 

a  and  b 


Pressure  of.  the  gas:;  ■ 
Number  of  moles 
Volume  of  the  gas 
Temperature  of  the  gas 
Gas  constant  . 

constants. 


(1) 
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When  a  -  0,  equation  (1)  becomes 

.  i  '  %  '  -  '  •*  •• 

,  P(V  nb)  =  nRT 


\ 

p  = 


nRT 


V-nb 

17  ,Kf  t  t 


For  one  mole,  P  = 


RT 

V-b 


(2) 


When  :b- =' O/^the  equation  becomes 


P  + 


n 


V  =  nRT 


w.  4  ilia 

•  *  *  V  V2 


^  ,  _  RT  a  - 

For  one  mole,  P  =  -tt-  -  — 

v  V2 


or 


flfc  * - 


t  •* 


V2;-  +  f  =  0 


(3) 


(4) 


*■  .  f  '  I" .  x  (J-  ■ 

Solve  for  V  in  equation  (4)  (using  the  quadratic  formula). 


That  is  V  * 


-b  ±i/b2  -  4ac 
2a 


Note  that  the  a  and  b  in  the 


quadratic  formula  are  just  the  coefficients  of  V2  and  V 
i  respectively. 


Therefore, 


V  = 


RT  +  /R*T‘ 


4a 

P 


(5) 


Discarding  the' negat ivetsolut ion ,  .equation  (5)  becomes 
*  *  r  t  **  4;  •’ 

RT'  R2T2-  4a| 

P  "  P 


,1  /2 


•t V.t- 


Upon  rearranging. 


V  —  - 

2 

ri  H 

i 

• 

1  m 

C-' 

/  ~  ' 

i  ^ 

V  .  RT 

f 

1  ** 

4aP 

1/2 

v  2P 

X  T 

J.  — 

-  f 

R2T2 

1  r 

_ ! 

f  • 

4 

< 

If  deviation  from  ideality  is  small,  the  term 


4aP 

R2T2 


in 


(6) 
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equation  (6)  is  small.  Therefore, 

2aP 


1  - 


4a 

R2T2 


1/2  \  < 

can  be 


approximated  by  1  - 


R2T2 


Now,  fugacity  f  =  P  exp  j  [(Z  -  l)/P]dP 

0 

where  Z  =  compression  factor.  Because  of  the  small 
deviation  from  ideality,  this  can  be  approximated  by 

1  _  aP  ‘ '  !! 

,  -  *  -  '» 

2m  2 


R2T 


Therefore  equation  (8)  becomes  P  exp 


-aP 


R2T2 


Remember  that  this  is  for  the  condition,  b  =  0. 


Recall  that  when  a  =  0,  P  = 


RT 


t 


V  -  b 


.*.  PV  -  Pb  =  RT 

!  r 

and  PV  =  RT  +  Pb  , 

.  ;»:=f  *  V 

So,  Z  can  be  approximated  by  1  +  Therefore,  . 

P 

f  =  P  exp  (b/RT)dP  =  P  exp(Pb/RT) 

.  0  /  *  f 
$ 

H  ■> 

Using  the  data  given,  equation  (9)  becomes  f 

!1 

-  (4.17  dm6  atm  mol~2)  (10  atm) 


k 

h  1 


f  -  (10  atm) exp 


(0 . 082  dm3  atm  K  1  mol'1)  2  (298 °kY 

is  „  '  ■ 

f  =  (10  atm )exp( -0.0698)  =  10,(e“°* 0698) 
f  =  (10)  (0.93)  =  9.3  atm  i  ,,  x 

t 

Also  equation  (10)  becomes 

(0.037) (10) 


f  =  (10  atm)exp 


(0.082) (298) 


f  =  (10)exp(0.0151)  =  10(e0‘0i51) 


.  m 


(7) 

(8) 

(9) 


(10) 
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/.  f  =  (10X1.02)  =  10.2  atm. 


The  results  show  that  the  effect  of  the  constant  a  is  to 
reduce  the  fugacity  and  that  of  constant  b  is  to  increase 
it.  This  agrees  with  the  relation  of  these  parameters  to 
the  attractive  and  repulsive  interactions  respectively. 


•  PROBLEM  7-31 


Ethane  initially  at  1  atm,  317°K  undergoes  a  reversible, 
isothermal  steady-f]ow  process  until  the  pressure  rises  to 
68  atm.  Using  the  generalized  fugacity  chart  calculate  the 
work  and  heat  interactions  for  1  kg  of  ethane. 


Fig  .  1  Generalized  fugacity  coefficient  chart. 
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Solution:  For  ethane,  using  the  table  of , critical  constants , 

<-  T  =  305 . 48°K 

C  *  ! 

P  =  48.20  atm.  ji 

'•  C  : 

Z  =  0.285 
c 

MW  =  30  kg/kgmol 

Converting  to  reduced  pressure  and^ temperature  yields  <►. 


ri 


=  T 


r  2 


T 

T 


317 


305.48 


=  1.037 


P  =  ^  = 
r  i 


p1  ■  -  °-0208 

c 


P 


r  2 


68 

48.2 


1.412 


t 


From  the  generalized  enthalpy  chart 


0 


and 


(1) 


(2) 


where  h*  denotes  the  enthalpy  as  the  pressure  approaches 

zero.  For  this  problem  hi*  =  h2*  since  as  the  pressure 
approaches  zero  (p-0),  the  enthalpy  is  only  a  function  of 
temperature.  Also  from  (1) 


Therefore 


hi*)  +  (h*  -  h)2 


(3) 


\  i  •  il.  P  ^ 

Substituting  the  numerical  values  into  Eq.  (3)  gives, 

hi  -  ha  ®  31.4, (305.48) 

•  ju  !i  ■ 

=  9,060  kJ/kgmol 
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*  or’1  on La"  per  mass  basis, 


hi  -  h2  =  (hi  -  h2)  x 

V;  •  ' 

9,060 

30 

=  302  kJ/kg 


For  a  reversible  and  isothermal  compression,  the  work 
interaction  is  given  by  the  formula 


w 


.  '  RT  /fi\  r 

gl  "  g2  MW  ln  if2J 


(4) 


where 


g  =  Gibbs  function 
f  =  fugacity  coefficient 


From  the  accompanying  figure 


=  1.0 


=  0.58 

tr  2  « 


Since  Pj  =  1  atm  it  follows  that  fx,=  1  and  since  P2  =  68  atm, 


1.  ■  T 


’  f2  =  P: 


m 


Q  i '  . 


=  68(0.58) 

\  t 

=  39.44 


Substituting  into  Eq.  (4) 


■  }  *  '  *  8.3143  x  305.4 
w  =  - 30 -  m 

=  -311  kJ/kg 


(39.44) 


From  the  first  law,  assuming  negligible  kinetic  and  potential 
energies  ' 

q  =  ( h2  -  hi)  +  w 

.  ,  ‘  '*  '  t  '  .  .  , 

=  -(hi  -  h2 )  +  w 

■  *  3% 

=  -302  -  311 
=  -613  kJ/kg. 
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CHAPTER  8 


VAPOR  POWER  AND 
REFRIGERATION  CYCLES 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  397  to 
486  for  step-by-step  solutions  to  problems. 


In  a  thermodynamic  cycle  a  working  fluid  undergoes  a  series  of  changes 
and  returns  to  its  initial  state.  Steam  power  plants  operate  in  a  cycle  where  the 
working  fluid  receives  heat  in  a  boiler,  produces  work  in  a  turbine,  discharges 
heat  in  a  condenser,  and  receives  work  in  a  pump  which  returns  the  fluid  to  the 
boiler.  This  is  an  example  of  a  closed  cycle,  and  there  are  open  cycles  where  an 
engine  operates  in  a  mechanical  cycle,  but  the  fluid  does  not  go  through  a  ther¬ 
modynamic  cycle.  An  example  of  an  open  cycle  is  the  internal  combustion  en¬ 
gine. 

An  ideal  cycle  uses  fluids  that  are  vapors  and  ideal  gases,  and  the  steps  are 
conducted  reversibly.  This  gives  a  basis  for  comparison  with  actual  cycles  which 
will  not  be  as  efficient  as  ideal  ones.  Also,  it  will  give  methods  to  evaluate 
modifications  for  improved  performance  by  using  feedwater  heaters,  multiple 
turbines,  and  reheating  steps.  Two  important  cycles  described  in  this  chapter  are 
vapor  power  cycles  and  vapor  refrigeration  cycles,  and  two  other  important  cycles 
discussed  in  the  next  chapter  are  air-standard  power  cycles  and  air-standard  re¬ 
frigeration  cycles. 

Vapor  Power  Cycles 

The  Rankine  cycle  is  the  ideal  cycle  for  a  simple  steam  power  plant.  This 
cycle  is  shown  in  Figure  8—1  along  with  a  temperature-entropy  diagram  which 
shows  changes  that  the  working  fluid  undergoes.  Beginning  at  point  1,  the  pres¬ 
sure  of  the  liquid  leaving  the  condenser  is  increased  to  the  boiler  operating 
pressure  (point  2)  reversibly  and  adiabatically  with  work,  performed  by  the 
ideal  pump  (there  is  a  slight  temperature  rise  from  compression  of  the  liquid). 
Then  heat,  QH,  is  transferred  to  the  liquid  at  constant  pressure  in  the  boiler  (point 
2  to  3).  The  liquid  is  heated  to  the  saturation  temperature  and  then  vaporized  at 
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constant  temperature  and  pressure.  Also,  the  vapor  can  be  heated  above  the 
saturation  temperature  (superheating).  Next,  work,  Ws,  is  produced  by  expanding 
the  vapor  adiabatically  and  reversibly  in  the  turbine  to  the  pressure  of  the  condenser 
(point  3  to  4).  The  path  normally  crosses  the  saturation  curve,  producing  a  mixture 
of  vapor  and  liquid  at  point  4,  the  entrance  to  the  condenser.  In  the  condenser, 
heat,  Qi,  is  transferred  at  constant  temperature  and  pressure  to  condense  all  of  the 
vapor  to  liquid,  returning  the  working  fluid  to  point  1,  the  pump. 

To  compute  the  heat  transfer  and  the  work  associated  with  the  Rankine  cycle, 
the  procedure  is  to  apply  the  first  law  of  thermodynamics  for  a  steady-state  flow 
system  to  each  stage  of  the  cycle.  Neglecting  kinetic  and  potential  energy  changes, 
the  first  law  of  thermodynamics  is: 

A  H^Q-WS  (1) 

In  this  equation  AH,  Q ,  and  Ws  are  per  unit  mass  of  fluid  flowing  in  the  system; 
subsequent  equations  are  also  per  unit  mass  of  fluid  flowing  in  the  system. 

For  the  pump,  the  shaft  work,  Ws,  is  equal  to  A H  since  Q  =  0,  and  AH  for  the 
isentropic  compression  of  an  incompressible  liquid  is  VAP.  Therefore,  the  shaft 
work  is  given  by  the  following  equation: 

Ws,rev  =  -AH  -  -VAP  =  V(P,-  P2)  (2a) 

The  shaft  work  is  negative  since  P j  <  P2,  and  this  indicates  the  work  is  done  on 
the  system  by  the  surroundings.  The  actual  work  required  by  the  pump  is  deter¬ 
mined  from  the  pump  efficiency,  which  is  given  by  the  following  equation: 

Wa  =  WSirJr)p  (2b) 

where  r\p  is  the  pump  efficiency,  typical  about  0.7  to  0.8. 

The  changes  in  enthalpy,  AH,  temperature,  AT,  and  entropy,  AS,  for  an  adia¬ 
batic  pump  are  given  by  the  following  equations: 

AH  =  -WS  (3a) 

AT  =  [AH  -  V(1  -  fiT^APyCp  (3b) 

AS  =  Cp  lnTyr,  -  p  VAP  (3c) 

where  P  is  the  coefficient  of  volume  expansivity.  However,  a  good  first  approxi¬ 
mation  is  to  consider  the  process  isentropic  and  isothermal  since  both  changes  in 
entropy  and  temperature  are  small,  of  the  order  of  2  K  and  0.1  kJ/kg  K. 

For  the  boiler,  heat  is  transferred  at  constant  pressure,  and  no  work  is  per¬ 
formed  (W5  =  0).  Consequently,  the  first  law  of  thermodynamics  is: 

Q„  =  HH  (4) 

Referring  to  Figure  8—1,  the  water  enters  the  boiler  at  T2  which  is  below  the  satu¬ 
ration  temperature,  Ts,  and  it  leaves  at  superheated  temperature  7’3.  The  change  in 
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,  enthalpy  is  given  by  the  following  Equation  for  this  case: 

„  .•*  <*-  '  ...  i»-  ' 

r  * 


;r  * 

&H=H^H2  =  c"(T3-TsU^'p*CpA(fs-fi)  ■  '*H  (5);; 

.  •  Av  f.*-  v  *  *— *  *-<*»»-*•  >r>  "  -  **"  *  ■*  “  ‘ 

where  the  first  and  third  terms  are  the  sensible  heat  increase  of  the  vapor  and 

liquid,  and  A H^p  is  the  latent  heat  of  vaporization.  A  reasonable  first  approxima¬ 
tion  is  to  have  A H  be  equal  to  A Hvap  because  sensible  heat  changes  are  usually 
small  compared  to  the  latent  heat, of  vaporization.  However,  if  thermodynamic 
property  tables  are  available,  such  as  steam  tables,  A H  can  be  computed  directly 
from  enthalpy  values  at  T2  and  P2  (  =  P3)  and  T3  and  P3.  Also,  the  change  in  en¬ 
tropy  can  be  approximated  by  the  following  equation: 

,  -r.  r  W  "i  J  ■  ■  ■  -  •  *  ,  *  • 

AS  -  AH vap/Ts  .  ...  .  ..  .  ,  (6) 

For  the  turbine,  shaft  work  is  produced,  and  the  turbine  efficiency  is  t\{  -  WJ 
WSf rev.  The  first  law  of  thermodynamics  for  an  adiabatic  expansion  (Q  =  0)  through 
the  turbine  is:  * 

'  W,  =  -AH  '  *  *’  "  '  ’  (7) 


>  a  • 
;i?  Jr'  -* 

*■ 


r 


/To  compute  AH,  the  following  steps  are  requiredfor  an  ideal  gas.  First,  compute 
T 

pressure)  using  the  following  equation 

<► 

(*-!)/* 


4  rev  for  an  isentropic  expansion  from  P3  (inlet  pressure)  to  P4  (turbine  exhaust 
irel  using  the  following  eauation: 

_  -  *  V 


1 4,rev 


-Til  -S- 


‘  -  n? 


15 


A 


•fS!- 


Next,  compute  AHrev  using  the  definition  of  enthalpy,  i.e., 

A //. 


n 


(8) 


..  n 


(9) 


rev  =  Cp(T4  rev  -  T3) 

'  tC  *  ■  ?  ■  j  ’jr„.  ■ 

which  is  used  with  the  definition  of  efficiency  to  compute  AH  and  Ws  since  W5  rev  = 


—  AHr~v:"  i 


f  * 


and 


*]t  = 


W. 


s,rev 


AH 

A 


*>•  », 


i 


rj 


Ws  =  -AHrevlr\t 

*  s.  *  *  vV  ■ 


(10) 


(11) 


AHrev  will  be  negative,  and  W5  will  be  positive;  the  system  is  doing  work  on  the 
surroundings...  *  J'W  vi  to  ■:  r„  . 

,  The  .  change  in  entropy  .for  the  turbine  can  be  computed  with  the  following 
equation  for  an  ideal  gas:  ,r  4  4  „  j  .  • 

AS  =  Cpln  TJT3-R  In PJP3  v  (12) 

where  T 4-T3  +  A HlCp and  AH  =jx\tAHrev from  Eq.  (10).  1  .  ;  ^ 

If  thermodynamic  data  tables  are  available,  the  procedure  is  as  follows.  First, 
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the  change  in  enthalpy  for  an  isentropic  expansion,  AHrev)  is  determined  by  read¬ 
ing  values  of  H3  and  P3  and  T3  and  of  H4  at  P4  and  S3,  i.e., 

rev  —  H4  _  (13) 

Then  A H  is  computed  using  the  value  of  the  efficiency  by  Eq.  (10),  i.e., 

A//  =  T],  A Hrev  (14) 

and  the  enthalpy  at  point  4  is: 

H4  =  H3  +  AH  (15) 

If  the  exhaust  from  the  turbine  contains  vapor  and  liquid,  the  quality  x  (mass  of 
vapor  per  total  mass  of  vapor  and  liquid)  is  computed  from  the  following  equa¬ 
tion: 

S3  =xSv+  (1  -x)S}  (16) 

where  Sv  and  5!  are  the  entropy  of  the  saturated  vapor  and  liquid  at  the  exit 
temperature  of  the  turbine,  T4. 

With  the  quality  x,  the  enthalpy  of  the  exit  stream  can  be  computed  as: 

H4  =  xHv  +  (1  -x)H]  (17) 

where  Hv  and  H\  are  the  enthalpy  of  the  saturated  vapor  and  liquid  at  T4.  This 
permits  computing  the  changes  in  enthalpy,  A//,  and  AS  for  the  turbine,  i.e..  A//  = 
M4  —  H3  and  AS  —  S4  —  S3. 

The  turbine  exhaust  enters  the  condenser,  and  heat  is  removed,  converting  all 
of  the  vapor  to  liquid  at  a  constant  pressure.  The  first  law  of  thermodynamics  is: 

Ql  =  Atf  (18) 


The  change  in  enthalpy,  A H,  is  determined  from  thermodynamic  data  tables  as 
the  difference  in  the  enthalpy  of  saturated  or  subcooled  liquid  leaving  the  con¬ 
denser,  H\,  and  the  enthalpy  of  the  stream  entering  the  condenser,  H4.  If  T\  is  the 
temperature  leaving  the  condenser,  then  A H  is  given  by  the  following  equation: 

AH  ~  H\-H4~  Cp(T\  -  T4)  +  xAHvap  (19) 

In  this  equation  the  sensible  heat  is  small  and  usually  the  quality  x  is  greater  than 
0.9.  Therefore,  a  reasonable  approximation  is  to  have  AH  equal  to  xA Hvap  for  the 
condenser.  Also,  Ql  is  negative  since  heat  is  removed  from  the  system,  i.e.,  AH  = 
~Wvap. 


The  thermal  efficiency  of  the  cycle  is  the  ratio  of  the  net  work  produced  by 
the  cycle  divided  by  the  heat  added  to  the  boiler,  i.e., 

^  =  W‘^bine  -  Wpump  _  Qg  ~  Ql  (20) 

Qh  Qh 

Typically,  the  thermal  efficiency  of  this  cycle  is  about  0.40.  The  upper  limit  is 
given  by  the  Carnot  cycle  which  is: 


w  ..  -  w 

turbine  pumt 
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Figure  8-2.  Reheat  Cycle  Modification  of  the  Rankine  Cycle. 
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*1 Carnot  ~  ^  ~TL  IT H 


(21) 


A  typical  value  of  the  efficiency  of  the  Carnot  cycle  is  0.6. 

Referring  to  the  T-S  diagram  in  Figure  8-1,  an  analysis  of  the  Rankine  cycle 
shows  that  if  the  exhaust  pressure  of  the  turbine  PA  is  decreased,  then  the  net  work 
will  increase.  However,  the  moisture  constant  will  increase,  and  erosion  of  tur¬ 
bine  blades  becomes  serious  when  the  moisture  content  exceeds  10  percent. 
Superheating  the  steam  will  increase  the  work  and  increase  the  efficiency.  How¬ 
ever,  the  temperature  of  the  boiler  must  increase  to  produce  superheated  steam 
and  the  quality  of  the  steam  leaving  the  turbine  decreases.  In  addition,  if  the  inlet 
pressure  of  the  turbine  is  increased,  then  the  work  and  efficiency  are  increased. 
However,  the  boiler  temperature  must  increase,  and  the  quality  of  the  steam 
leaving  the  turbine  decreases.  These  are  all  part  of  design  considerations  to 
optimize  the  performance  of  the  cycle. 

The  reheat  Rankine  cycle  is  a  modification  of  the  Rankine  cycle  to  improve 
the  thermal  efficiency.  A  diagram  of  this  cycle  is  shown  in  Figure  8-2  where  a 
two  stage  turbine  is  used,  and  the  steam  is  reheated  between  the  high  and  low 
pressure  stages.  The  main  advantage  of  the  reheat  cycle  is  to  decrease  the  mois¬ 
ture  content  in  the  low  pressure  stage  of  the  turbine. 

For  the  reheat  cycle  the  pressure  and  temperature,  P 3  and  T3,  entering  the  tur¬ 
bine  are  known,  along  with  the  exit  pressure,  P4.  The  work  produced  by  the  high- 
pressure  stage  of  the  turbine,  assuming  an  isentropic  expansion,  is: 

^S, high, rev  =  -  Aff rev  =  H3  -  H 4>w  (22) 

where  H3  is  known  from  the  entrance  conditions,  and  saturation  temperature 
^4, rev  is  located  in  the  steam  tables  corresponding  to  S3  and  P4.  The  quality  is 
computed  using  the  following  equation: 

S3  =  S4  =  xSv  +  (1  -  a:)5i  (23) 

Then  the  enthalpy  at  point  4,  H4rev  is  computed  knowing  the  quality  x  and  the 
values  of  Hv  and  H\  at  T4  by  the  following  equation: 

H4>rev  =  xHv  +  (l-x)H'  (24) 

Using  Eq.  (22)  with  H4rev  the  shaft  work  Wsftig^rev  is  computed;  and  if  a  tur¬ 
bine  efficiency,  is  known,  it  is  used  to  compute  Ws  high  =  t|,  Ws , high, rev  and  A H 
=  rj,A Hrev.  Then  H4  =  H3  +  AH/Cp. 

The  heat  added  to  the  steam  in  the  boiler  is  computed  by  the  following 
equation: 

Qreheat  ~  A//  =  H$  —  H4  (25) 

where  is  evaluated  from  the  temperature  T5  and  pressure  P5  of  the  steam  leav¬ 
ing  the  boiler  and  entering  the  high-pressure  stage  of  the  turbine. 
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The  shaft  work  WStlow  for  the  low-pressure  stage  is  computed  by  the  same 
procedure  as  the  high-pressure  stage.  Then  the  efficiency  of  the  cycle  is  given  by 
the  following  equation:  -  j  ' 


w  L  ■  U  +  W  f  -  w  *  ■  ■ 

_  s,high  _  rfsJow  rr pump 

*1  reheat  ~ 


(26) 


Qff  Qreheat  l 

which  is  comparable  to  Eq.  (20)  for  the  Rankine  cycle..  Adding  the  reheat  cycle 
gives  a  small  increase  in  the  efficiency  and 'a  reduced  moisture  content  in  the 
low-pressure  stage  of  the  turbine.  ';r 


The  regenerative  Rankine  cycle  is  an  important  variation  of  the  Rankine 
cycle  which  uses  feedwater  heaters.  An  example  of  the  regenerative  cycle  with 
one  open  feedwater  heater  is  shown  in  Figure  8-3,  and  the  purpose  of  heating  the 
feedwater  with  steam  from  the  turbine  is  to  raise  the  average  temperature  at 

which  heat  is  added  to  the  boiler.  This  raises  the  thermal  efficiency  of  the  plant. 

■ 

The  equations  that  describe  the  steps  in  this  cycle  are  the  same  as  the  ones 
used  for  the  other  cycles.  However,  less  work  is  produced  by  the  turbine  because 
part  of  the  mass  flow  rate  of  steam  at  point  6  is  sent  to  the  feedwater  heater.  The 
work  from  the  low-pressure  stage  of  the  turbine  Eq.  (22),  is  modified  as  follows: 


W,w=-AH  =  -(//7-H6)(l-m)  (27) 


where  m  is  the  fraction  of  steam  flowing  to  the, feedwater  heater,  and  (1  -  m)  is  the 
fraction  flowing  to  the  low-pressure  stage  of  the  turbine  based  on  a  unit  of  mass 
leaving  the  high-pressure  stage  of  the  turbine  at  point  6. 

Entering  the  feedwater  heater  are  liquid  from  the  pump  at  point  2  and  steam 
from  the  turbine  at  point  6.  The  amount  of  steam  selected  to  mix  with  and  heat 
the  water  is  determined  by  having  the  water  leave  the  feedwater  heater  at  the 
saturation  temperature,  point  3.  (See  the  T~S  diagram  in  Figure  8-3.)  The  enthalpy 
of  the  water  leaving  the  feedwater  heater  is  computed  by  the  following  equation 
from  the  first  law  of  thermodynamics,  AH  =  0  {Q  -  0,  W=  0): 

.  i:  ’  *s.  ■*»-■  •- 

H3  =  mH6  +  (1  -  m)Hx  f  ■  \  *  (28) 

\  ^  a  '  ' 

lij  -  ^  •* 

The  saturation  temperature  of  the  water  leaving  the  feedwater  heater,  T3,  is  the 
saturation  temperature,  T6,  corresponding  to  the  discharge  pressure  of  the  high- 
pressure  stage  of  the  turbine,  P6.  The  enthalpy,  H3,  is  for  a  saturated  liquid  at  T3. 
Consequently,  the  only  unknown  in  Eq.  (27)  is  m,  the  mass  fraction  of  steam  split 
at  the  exhaust  of  the  high-pressure  stage  of  the  turbine,  and  it  is  determined  by 
this  equation.  ;J 

The  thermal  efficiency  of  this  cycle  can  bp  computed  as  was  done  previously 
with  Eq.  (20).  The  work  from  the  two  pumps  must  be  subtracted  from  the  turbine 
work  in  this  equation.  x>.  - 

In  a  typical  power  plant  four  feedwater  Heaters  are  usually  employed.  Open 
feedwater  heaters  as  described  above  have  better  heat  transfer  and  are  less  expen- 


sive,  but  require  a  pump.  Closed  feedwater  heaters  use  a  heat  exchanger  where 
the  two  streams  transfer  heat  but  do  not  mix.  This  equipment  is  more  expensive, 
but  the  two  streams  can  be  considerably  different  pressures,  and  a  pump  may  not 
be  required.  Power  plants  will  use  a  combination  of  open  and  closed  feedwater 
heaters. 

Vapor-Compression  Refrigeration  Cycles 

Vapor-compression  refrigeration  cycles  are  used  to  maintain  the  tempera¬ 
ture  below  the  surroundings.  This  is  accomplished  by  extracting  heat  with  an 
evaporating  liquid,  and  then  discharging  heat  by  condensing  the  vapor  back  into 
a  liquid.  The  vapor-compression  cycle  shown  in  Figure  8—4  is  a  modification  of 
the  Rankine  cycle.  At  point  1,  saturated  vapor  leaves  the  evaporator  to  be  com¬ 
pressed  adiabatically  to  point  2.  If  the  compressor  operates  essentially  isentropi- 
cally,  then  thermodynamic  property  tables  or  graphs  of  the  working  fluid  can  be 
used  to  compute  the  shaft  work  for  the  compressor  from  the  first  law  of  thermo¬ 
dynamics,  i.e., 

Ww=-A//w  =  tf,-ff2tW  (29) 

The  value  of  Hx  is  known  at  the  temperature  and  pressure  of  the  saturated 
vapor  leaving  the  evaporator.  The  value  of  H2rex,  >s  located  in  the  tables  or  graphs 
at  the  exit  pressure  of  the  compressor,  P2,  and  the  entropy  Sj  =  S2.  If  the  compres¬ 
sion  is  not  isentropic,  an  efficiency  is  used  to  determine  the  shaft  work  by  the 
following  equation: 

ws  =  W„Jr\c  (30) 

Also,  H,  is  calculated  using  the  efficiency  and  A Hrev  by  the  following  equation: 

H2  =  H,  +  AH„v/r)e  (31) 

Then,  the  values  of  T2  and  S2  are  located  at  the  values  of  P2  and  H2  in  the  table  or 
on  the  chart. 

In  the  condenser,  heat  is  removed  from  the  working  fluid  at  constant  pres¬ 
sure,  and  the  fluid  leaves  the  condenser  as  saturated  liquid  as  shown  in  Figure  8- 
4.  From  the  first  law  of  thermodynamics: 

Qh  =  A//  -  H3  -  H2  (32) 

where  H3  is  determined  from  the  thermodynamic  data  as  that  of  saturated  liquid 
at  the  temperature  and  pressure  of  the  condenser. 

The  expansion  valve  shown  in  Figure  8-4  is  a  device  that  reduces  the  tem¬ 
perature  and  pressure  of  the  saturated  liquid  to  that  of  the  evaporator  to  allow  it 
to  absorb  heat.  An  expansion  value  is  a  throttling  process  which  operates  at  con¬ 
stant  enthalpy,  and  HA  -  H3.  Then,  the  quality  x  of  the  liquid  in  the  two-phase  re¬ 
gion  at  point  4  is  calculated  by  the  following  equation: 

H3  =  xHv  +  (1  -  x)H  i  (33) 


397 -K 


where  ,HV  and  Hh  are  values  of  the  enthalpy  ,  of  the  saturated  vapor,  and  I  liquid 
obtained  from  the  thermodynamic  data  at  the  temperature  and  pressure  of  the 
-evaporator.  This  provides  the  information  to  compute  the  entropy  at  this  point  by 
the  following  equation:-}.  ..  *  ..jrfn  4  ;  •:  „  •  .  ,  •  .1  %  ■ 

S4  =  S3  +  xSvap  +  (1  -  x)S\  (34) 


where  Svap  and  5i  are  the  entropy  of  the  saturated  vapor  and  liquid  obtained  from 

the  thermodynamic  data  at  the  temperature  and  pressure  of  the  evaporator. 

.  •  ^  **:;/*  u  i  4*,  ■  ,  * 

,  The  heat  absorbed  in  the  evaporator  is  given  by  the  following  equation: «  : 

Ql  =  A//  =  Hx -  H4  r }  '{  '  ^  '  V  ’  (35) 

:  .  .1  •  n  u‘  •  *:  .  .  1  •'  *■  ~  •  :  # 


Both  values  of  the  enthalpy  are  known  so  QL  is  computed  directly.  i 

I.  V-  ■  %  I#  ■"  *  *  *  ^  ^  *'  *■ 


*1  The  perfonnance  of  a  refrigeration  cycle  is  the’ ratio  of  the  heat  absorbed  by 
the  evaporator  to  the  work  of  the  compressor,  i.e., 


«  _  Ql 

wr 


u  -i  ** 


(36) 


,V 


where  fU  is  called  the  coefficient  of  performance,  and  typical  values  of  $  are  in  the 
range  of  3.0  to  5X).  .  ,  t  ;  .  -i  , . 

•  xi  B*  •<  *  .Hi- 

v  1  ”In  summary,  the  computational  procedure  to  evaluate  vapor  power  cycles  and 
vapor  refrigeration  cycles  have  been  given:  This  included  the  equations  to  evalu¬ 
ate  the  heat  transferred  and  work  done  at  each  stage  for  isentropic  and  real 
processes.  Also,  the  efficiency  of  vapor  power  cycles  was  given,  as  was  the 
coefficient  of  performance  of  vapor  refrigeration  cycles.  Diagrams  of  the  cycles 
were  presented  along  with  the  path  of  the  working  fluid  shown  on  entropy- 
temperature  diagrams.  f>  -  *  •  :< 
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Step-by-Step  Solutions  to 
Problems  in  this  Chapter, 

“Vapor  Power  and  Refrigeration  Cycles” 


THE  RANKINE  CYCLE 


•  PROBLEM  8-1 


Calculate  the  heat  supplied,  the  turbine  work,  and  the  pump 
work  per  kg  of  steam  in  a  Rankine  cycle  where  steam  leaves 
the  boiler  at  4  MPa,  400°C, and  the  condenser  operates  at  a 
pressure  of  10  kPa.  Also,  compute  the  cycle  efficiency. 

Assume  the  processes  in  the  turbine  and  pump  to  be  reversible 
and  adiabatic. 


Turbine 


Condenser 


Solution:  Assume  all  the  processes  to  be  steady-state, 

steady-flow  and  consider  a  control  surface  around  each  of  the 
components  under  analysis.  (Refer  to  the  figure.) 


First  consider  a  control  surface  around  the  pump.  Since  the 
pump  is  adiabatic,  from  the  first  law 

wp  =  h2  “  hi  (1) 

Assuming  a  reversible  pump,  from  the  second  law 


s2  =  sx 


To  obtain  the  enthalpy  change  in  a  reversible  adiabatic 
process  in  a  liquid,  use  the  general  property  relation 


Since  ds  -  0 


Tds  =  dh-vdP 


7 


Ah  -  vAP 


or 


wp  =  ha  -  h,  -  VlCP2  -^P,) 

=  0.00101(4000-10) 
=  4  kJ /kg 


and 


jy  .  7 


"*  h.  =  h,  =  191.8 

;k;  }  *:i-  x  t  :  ■ 

h2  =  191.8  +  4  -195.8  kJ/kg 


f  t 

...  it 


Now  consider  the  boiler.  Since  no  work  is  done, 
qin  “h3  'V 

From  the  steam  tables  r  * 

h 3213.6  kJ/kg 

Thus  from  Eq.  (2)  ^ 

qin  =  3213.6-195.8 

!  .  =  3017.8  kJ/kg 

i  •  \  ^  x 

For  the  reversible  adiabatic  process  in  the  turbine 


and 


wt  -h,  -  h4 


-  8  a.  =  S, 


(2) 


(3) 
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From  the  steam  tables 


s 3  =  6.7690  kJ /kg- °K 


With  this  value,  the  state  at  4  lies  in  the  mixture  region 
(at  the  pressure  of  10  kPa)  and  hence  the  quality ^must  be 
calculated .  Therefore 


6.7690-0.6493 

7.5009 

=  0.8159 


t 


The  enthalpy  at  state  4 

hi* 


is  then  computed  as 


=  191.83  -  (0.8159)(2392.8) 


=  2144.1  kJ/kg 


Substituting  the  values  of  h3  and  h4  into  Eq.  (3)  gives 


wt  =  3213.6  -  2144.1 
=  1065 ♦ 5  kJ /kg 


The  efficiency  of  the  Rankine  cycle  is  given  as  A 

ji 

w 


'th 


net 


m 


(4) 


where 


wnet  -  WT  T  WP 
„  =  1069.5-4 
=  1065.5  kJ/kg 


•fiii 


Then 


) 


1065.5  n 

ith  *  5510  "  °’353 


or 


nth:  =  35:3X 
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’  '  •  PROBLEM  8-2 

In  a  Rankine  cycle,  steam  at  6.89  MPa,  516°C  enters  the 
turbine  with  an -initial  velocity  of  30.48  m/sec  and  leaves 
at  20.68  kPa  with:  a  velocity  of  91.44  m/sec.  If  the  mass 
flow  rate  of  the  steam  is  136,078  kg/hr , compute  the  thermal 
efficiency  of  the  cycle  and  the  net  power  produced  in  horse 
power.  *  ^ 


r<  .r . 


*  .  +  ■.  s  * 


Solution:  -  The ^figure  shows <the  Rankine  cycle  on  :a;T-s 
diagram.  The  efficiency  of  the  Rankine  cycle  is  given  as 


n th  *■  q . 

'  ■  ^in 

where  wnet  is  the  sum  of  the  work  produced  by  the  turbine 
and  the  work’used  by ‘the  pump.  Hence 

wnet  *-.£"  ■  wt  +  wp  (2: 

qin  is  the  heat  added  to  the  system  in  the  boiler,  or 


Qin  =  hs  -  *1 


First  consider  the  turbine.  From  the  first  law  of 
thermodynamics 

. .  t 

V22  -  V32 

Wt  =  (h2  -  V  +  - 5 -  <4) 

X  * 

^  .. 

C-  .  '  '  ,  ,  ■  * 

From  the  steam  tables  at  P2,4  obtain  +  # 

h 2  =  3449.3  kJ/kg 
s g  =  6.8538  kJ/kg-°K 
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Process  2+3  is  isentropic,  hence 

S3  %S2  ■ 

Furthermore, the  state  at  3  is  a  mixture  of  vapor  and  liquid 
Thus, the  quality  at  3  is  found  as 


x,  = 


S3  -  ,.sf; 


’fg 

6.8538-0.8403 

7.0578 

=  0.8522 


■  :.!ir 


Then 


h3.=  hf ;  X3hfg 

=  254.19  +  0.8522(2356.67) 
=  2262. 54,kJ/kg. 


FromEq.  (4), then 


wt  =  (3449.3-2262.54) 

(30.48)2-(91.44) 
*  +  2x1000  > 

•-  =  1183.0  kJ/kg 


r 


Now  consider  the  pump.  The  pump  work  is 
-w  =  v  x  AP  =  v1(P4  -  Px) 

pi 

=  0.001018(6890-20.68) 
=  6.993  kJ/kg. 


From  Eq.  (2)  ,  then 


£w  =  1183-6.993  =  1176  kJ/kg 


Next  consider  the  boiler.  Since  no  work  is  done  it  can  be 
written  i> 

"I  *  v 


f 


q .  =  h2  -  hi 

Hin  2 

=  3449  .*3-261. 44 
=  3187.86  kJ/kg 
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Finally,  using  Eq.  (1)  obtain 


or 


1176 

nth  "  CTSTTisS”,  . 

v't.  i  * 


0.368 


nth  =  36.89% 


The  net  power  produced  is 


-W  = 


raw 


net 


t 


=  136,078(1,176) 
=  160,027,728  W 
=  59,590  hp 


•  PROBLEM  8-3 


1.  Compute  (a)  the  work-^input  to  the  pump,  (b)  the  heat 
added  in  the  boiler,  (c)  the  work  produced  by  the  turbine, 

(d)  the  heat  transferred  from  the  condenser,  and  (e)  the 
thermal  efficiency  of  the  open  Rankine  cycle  described  in 
Fig.  1,  if  the  pump  and  turbine  are  both  adiabatic  and 
their  isentropic  efficiencies  are  60%  and  80%  respectively. 
Assume  steady-state,  steady-flow  conditions  and  negligible 
kinetic  and  potential  energies. 

2.  Compare  the  efficiency  of  the  Rankine  cycle  with  that  of 
a  Carnot  cycle  operating  between  the  same  temperature  limits. 
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Solution :  (a)  Using  the  energy  balance  for  the  pump  yields 


where  wp  =  total  shaft-work  input  for  each  unit  of  mass 
handled  by  the  pump. 


Treat  water  as  an  incompressible  liquid.  Using  the  equation 

■c,. 

h2  -  hx  =  c(T2.  — -  Tj_  )  +  ( P2  -  Pj  )v  !  (1) 

V  '■ 

w  for  an  ideal  adiabatic  pump  is\  1 

w  =  v(P„  -  P.  )  ( isentroric  process)  «: 

PS  2  S  1 

-*k 

From  the  steam  tables  v  =0.0161  ft3/lbm. 

‘  1 44 

/.  w  -  0.0161  x  (100  -  14.7)  x 

pS  ,  r  778 

=  0.253  Btu/lbm 
The  pump  requires 

-  'OPJL 

Wp  ~ 

A  .  i  s  ■  ' 

0.253 

0. 6~  ■  'f 

=  0.42  Btu/lbm 

h2  is  determined  from  the  equation  « 

h2  83  hi  +  wp  . 

=  48.06  +  0.42 
=  48.48  Btu/lbm 
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T2  may  be  found  from  Eq.  (1)  as 


\ 


* 


T  I  +  (h  2  -  hj)  V(P2  -  Px) 


80  + 


0.42  -  0.25 

1.0 


80. 2°F 


(b)  From  the  steam  tables ,  h3  *  1187.2  Btu/lbm.  Doing  an 
energy  balance  on  the  boiler, 

Qb  “  h3  “ 

=  1187.2  -  48.48 

-T  '  .  '  =  .  *  -  ' 

=  1138.7  Btu/lbm 


Here  qb  is  the  energy  transferred  as  heat  to  the  boiler  per 
lbm  of  water. 

.  :  v  •?  f  •  w' 


(c)  Next  consider 
wt  = 

To  determine  state 
From  the  steam  tabl 


an  energy  balance  on  the  turbine, 
h3  -  h4 

4,  first  fix  state  4s. 

'1 

es 

1.6026  Btu/lbm-°R 
0.3120  Btu/lbm-°R  * 

1.7566  Btu'/lbm-°R 
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=  1.4446  Btu/lbm-°R 


•44 


Since  s,  =  s, 

**  S  3 


s„s  =  <1  -  **s>  sf,  +  x»s  SB„ 


-  sfi)  +  X4S  sfg|_ 

J  1.6026  -  0.3120 


**s 


1.4446 


=  0.893 


From  the  steam  tables 


h*  =  180.07  Btu/lbm 

■iii 

=  970.3  Btu/lbm 

±g4 


-it- 


I 

■if. 


>S„  =  hf4  +  X4hfg4 

=  180  +  (0.893  x  970 . 3) - 

-  =  1046  Btu/lbm 


w 


ts 


=  h,  -  h 


t*S 


=  1187  -  1046 
=  141  Btu/lbm 


from  which 


and 


wt  =  Wts  ns 


=  141  x  0.8 
=  112  Btu/lbm 

h  u  =  h  3  -  w. 


13  -  vvt 

=  1187  -  112 
f  «  1075  Btu/lbm 
The  actual  discharge  quality  is 

h,  -  h 


f  *4 


-h 

fg4 

1075  -  180 


970 
=  0.922  ‘ 
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One  attractive  feature  of  a  vapor  power  plant  is  that  the 
part  of  the  turbine  work  required  to  drive  the  pump  is  only 
a  very  small  fraction  of  the  turbine-work  output.  Here  the 
back-work  ratio  (bwr)  is 


0.4 

r  112 


-  0.004 


(d)  Since  Pi  -  Pu>we  can  have  a  closed  cycle  by  adding  a 
condenser.  By  this, the  efficiency  of  the  system* will  not 
change  if  states  1  and  2  are  kept  fixed.  The  energy 
transferred  as  heat  from  the  condenser  is  obtained  by  taking 
the  overall  energy  balance. 


*  =  1139  -  111.6 
♦  * 


y  =  1027  Btu/lbm. 


The  series  of  processes  is  shown  in  Fig.  2.  This  plot  shows 
the  back  work  ratio  as  the  respective  enthalpy  changes  for 
the  pump  and  turbine  processes. 

r  *  •  + 

(e)  The  energy  conversion  efficiency  of  the  plant  is 


'112-0.4 
*  iH39 


=  0.099 


r 


Fig.  3.  Comparison  with  a  Carnot  cycle. 
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2.  For  the  Carnot  cycle  operating  between  the  same 
temperature  limits  ,  t 


n  -  l  - 


540 

788 


*  0.315 


The  difference  in  efficiency  is  due  to  the  fact  that  the 
temperatures  at  which  energy  is  transferred  as  heat  to  and 
from  the  working  fluid  are  more  widely  separated  for  the 
Carnot  cycle.  (Ref.  Fig.  3.) 


* 


Summarizing  the  results: 

1. 


(a) 

wt 

= 

112  Btu/lbm 

1 

If 

J  v 

(b) 

w 

P 

0.4  Btu/lbm 

/ 

* 

(c) 

qb 

1139  Btu/lbm 

S' 

(d) 

qc 

= 

1027  Btu/lbm 

-  - 

(e) 

n 

- 

0.099 

n 

2= 

0.315 

It 

THE  REHEAT  CYCLE 

.  .  -  v  ■  ■ 

•  PROBLEM  8-4 


Steam  at  3MPa,  300°C  leaves  the  boiler  and  enters  the  high 
pressure  turbine  (in  a  reheat  cycle )  and  is  expanded  to 
300kPa.  The  steam  is  then  reheated  to  300°C  and  expanded 
in  the  second  stage  turbine  to  lOkPa.  What  is  the  1 
efficiency  of  the  cycle  if  it  is  assumed  to  be  internally 
reversible  ? 


Solution:  The  efficiency  n  can  be  obtained  from  the 

following  equation; 


n 


w.  + 

_Li _ 


t  2 


Q, 


+  Q 


r 


(1 


To  calculate  W.  assume  that  the  turbine  is  adiabatic  and 

^ 1  ,  f 

neglect  kinetic  and  potential  energy  changes.  Applying  the 
first  law  to  the  turbine, 

.  f 

»tl  -  *<h2  -  h3> 


From  the  steam  tables, 

<  « 

l  ■*  i  h2  =  2993.5  kJ/kg  * 
s 2  =  6.5390  kJ/kg-°K 


t 


To  find  h3,  for  the  internally  reversible  adiabatic  process 
2+3 

82=83=  6.5390  kJ/kg~°K 

At  state  3, 


Sfa 

=  1.6718 

kJ/kg- °K 

-  hf  3 

=  561.47 

kJ/kg 

fga 

*  5.3201 

kJ/kg-°K 

h, 

fg3 

=  2163.8 

kJ  /kg 

s 

g3 

=  6.9919 

kJ/kg-°K 

h 

•  g3 

=  2725-3 

kJ/kg 

s 

2 

=  s  =  s 
3 

fa  +  x  3Sfg 

3 

6.5390  =  1.6718  +  x3(5.3201) 
x3  =  0.915 


x  ,h  . 

3  fg3 


h 3  =  561.47  +  0.915  (2163.8) 
h3  =  2542  kJ/kg 


=  2993.5  -  2542 
=  452  kJ/kg 

Similarly,  to  find  Wt2  , 

Wt2  *  m(h4  -  h5) 

From  the  steam  tables, 

h4  =  3069.3  kJ/kg 

s4  =  7.7022  kJ /kg-°K 

To  find  h5,  note  that 

S  4  ~  s  5 

'  :  v  -'T 

At  state  5 

sfg  =  0.6493  kJ/kg-°K 

h~  =  191.83  kJ/kg 

fs 


$ 

if 


n. 


! 
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t:  s*  '  =  7.5009  kJ/kg-°K 

fgs 

hfg5  =  2392-8  k^/kS 

s  =  8.1502  kJ/kg-°K 

gs 

h  =  2584.7  kJ/kg 

gs 

S*  =  8,  -  Sf5  +  x'ssfg5 

x5  =  0.949 

h.  =  h-  +  x5h  =• 

5  15  Ig  5 

h  5  =  191.83  +  0.949(2392.8) 
h5  =  2463  kJ/kg 


W 


1 2  _ 


m 


—  h4  —  h  5 

=  3069.3  -  2463 
=  606  kJ/kg 


To  obtain  W  ,  assume  that  W  =  mv6(p1  -  p6) 

P  P 

From  the  steam  tables,  v6  = 

=  1.0102  xlO"3m3/kg. 


Thus 


W  .  - 

-£  =  1.0102  (30-0.1)10  x  10 

m 

t. 

=  3.0  kJ/kg 


-6 


To  obtain  Qb,  use 


Qb  =  m(h2  -  hx ) 


hx  =  h6  +  — ^ 


W 

rh 


.  f 


Q 


Jb 

rfi 


=  191.8  +  3.0 


=  194.8  kJ/kg 


=  2993.5  -  194.8 

\.:t  .  .. 
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=  2799  kJ/kg 


To  find  Q 

r 


From  Eq.  (1)  then 


•  PROBLEM  8-5 


In  the  reheat  cycle  shown  in  Fig.  1,  steam  is  supplied  to 
the  high  pressure  turbine  at  1100  lbf/in2,  740°F  and  is 
expanded  to  200  lbf/in2.  After  the  expansion  the  steam  is 
reheated  to  720°F  and  is  then  expanded  in  the  low  pressure 
turbine  to  1  lbf/in2.  (a)  Determine  the  enthalpy  and 
entropy  of  the  successive  states  of  steam  and  plot  them  on 
an  h— s  diagram,  (b)  compute  the  low  and  high  pressure 
isentropic  turbine  work,  and  (c)  calculate  the  thermal 
efficiency  and  the  rate  of  steam  of  the  cycle.  Assume  the 
turbines  and  pump  to  be  adiabatic. 


Qr  =  A(hi,  T  h3) 

Qr 

—  -  3069.3-2542 

*  f  } 

=  527  kJ/kg 

•S'  •'  *  *  - 

452  +  606  -  3 
]  2799  +  527 

=  0.317  .»  ”  $ 

,  '  f  $ 


Solution :  The  pump  work  is  •' »  i 


wp  »  VlCP2  -  Pl)/J 

/  =  0.01614  x 144(1100-1) 
778 

. *  =3.29  Btu/lbm 

(a)  From  the  steam  tables  at  1  psia 

h !  =  hf  =  69.1  Btu/lbm 


At  state  2  then,  the  enthalpy 

...  4 

h  2  =  69.1  +  3.29 


is 


=  72.39  Btu/lbm 


. 


Now,  using  the  value  for  h2  and  the  steam  tables  (or  Mollier 
chart)  the  values  of  the  enthalpy  and  entropy  at  the  success¬ 
ive  states  of  the  cycle  are  obtained  and  plotted  on  the  h-s 
diagram,  shown  in  Fig.  2. 


Figure  2  h-s  diagram 

.•  1  .  »  *  ’  ;  ,  • 


‘  '  =  ,1179-1345.8 

=  -166.8  Btu/lbm 

f  ^  t 

For  the  low  pressure  turbine  k . 

T '  S' 

-wlp  =  h6  -  h5. 


412 


967-1384 


=  -417  Btu/lbm 

(c)  The  efficiency  of  the  reheat  cycle  is 

w 

_  _ net _ 

nth  (h 3  -  h2)  +  (h5  -  h„) 


166.8  +  417  -  3.29 
(1345.8-72.39)  +  (1384-1179) 


=  0.393 


The  rate  of  steam  for  1  hp  is 


1  hp  «  2545  Btu/hr 


sr 


2545 

wnet 


2545 

580.51 


4.39  lbm/hp-hr 


THE  REGENERATIVE  CYCLE 


•  PROBLEM  8-6 


Steam  at  300  psi  abs.  and  700°F  leaves  the  boiler  and  enters 
the  first  stage  of  the  turbine,  which  has  an  efficiency  of 
80%.  Some  of  the  steam  is  extracted  from  the  first  stage 
turbine  at  30  psi  abs.  and  is  rejected  into  a  feedwater 
heater.  The  remainder  of  the  steam  is  expanded  to  0.491  psi 
in  the  second  stage  turbine,  which  has  an  efficiency  of  75%. 

(a)  Compute  the  net  work  and  the  efficiency  of  the  cycle. 

(b)  Compare  this  cycle  with  one  having  no  heater.  Refer  to 
the  figure. 


Fig.  1.  Analysis  of  Regenerative  Cycle 


q> 
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Solution:  (a)  Assume  that  the  liquid  leaving  the  coil  of 

the  heater  and  the  drip  leaving  the  heater  are  both  at  the 
temperature  corresponding  to  the  saturated  state  at  the 
pressure  of  the  extraction  stage.  Also  assume  that 
compression  in  the  pumps  is  isentropic  and  that  the  turbines 
are  adiabatic. 

•  *  #’ 

Using  the  steam  tables,  a.t  the  different  states 

Saturation  temperature  at  30  lb/  in.  2  250.3  °F 

i  -ij  h  ■  * 

Enthalpy  of -condensate -leaving  condenser ,  hd  47.05  Btu/lb 

Entropy  of  condensate  leaving  condenser,  sd  0.0914  Btu/lb  °F 

Entropy  of  liquid  entering  heater,  slc  0.0914  Btu/lb  °F 

Pressure  of  liquid  entering  heater  r  ‘  3001b/in.2 


Enthalpy  of  liquid  entering  heater,  :hj^ 

47.95 

Btu/lb 

The  liquid  leaves  the  heater  coils  at  4 

300  lb/ inf  and  250.3  °F:  ,  . 

Enthalpy  of  liquid  leaving  coils,  h2  * ... 

219.4 

Btu/lb 

Enthalpy  of  drip  from  heater,  h2c 

218.8 

Btu/lb 

In  figure  1  > 

P  =  300  lbf/in.  2 

"Y. 

* 

i  t-*,  V  \  *  * 

'  •» 

"j  A 

T  =  700  °F 

'i  .  •  iy  a 

Pj  =  30  lbf/in2-.. 

1  .  '  .  »  ^  V  •-*.!  ^  ■■■■  i  r  » 

,  €  i3j.  (  .  ha>.=  1368. 3,  Btu/lbm  , 

'  k  1  s ■  '  V  ■  t ,  *  j  =  1146  *  9  Btu/lbm 

?  ' 

'  V  -V  “  -  .  s  -  r  1.6751  Btu/ibm-°R 

•  *  M  a  i’ 

" 

sj .  »  1 . 6751 ,l: Btu/lbm-°R  .  , 

- 

Therefore,  from  the  definition  of  the  efficiency  of  the  first 
stage  turbine 


hie 

=  h  - 
a 

0.80  (h  ~h  . ) 
a  J 

=  1191. 

2  Btu/lbm 

Using^the. equation 
-  *  f  } 

■  t 

:  ^  l. 

\ 

\ 

v.-  V  ■  \ 

:h  -  h 

2 c  v  ic 

(  ;CCV 

.  -  ■'  ’1  >  .  ;|f 

y 

hle  " 

,  h  +  h  -  h 

f  ze  .2  c  ic„ 

*  < 

y 

=  Ol  15 

*  •  "  "  ”  ' 

For  the  work  delivered  by  the  turbine 


t 


J 
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wt  =  ha  -  h»e  +  (1-y)  °-73  <h>e  '  hkl 

it  ' 

assuming  velocities  at  a  and  le  are  negligible. 

I 

State  k  is  described  by  the  pressure  0.491  psi,  and  by  the 
entropy , which  is  that  of  state  le 

sk  =  1.7361  Btu/lbm-°R  ■ 

From  the  steam  tables,  obtain 


h^  =  933.4  Btu/lbm 

By  substituting,  obtain  r  "  , 

w  *  341.3  Btu/lbm 

i 

The  negative  work  of  the  cycle  is 

wPl‘  +  WP2  "  <1_y)(hic  "  V  +  y<hi  '  h2e) 

Using  the  steam  tables 

w  +  w  -0.9  Btu/lbm 

pi  p  2 

The  net  work  of  the  cycle  is 

w  =  w  _  (w  +  w  )  =  340.4  Btu/lbm 
net  t  pi  P  2 

Let  a  =  the  heat  added  to  the  fluid  in  the  steam  generator 

§?  i 

<peh  pound  of  steam  generated,  or  * 

a  =  ha  -  ( 1-y )  h  -  yh. 

Mg  a  ,i.  2C  ,  i  * 

=  1368.3  -  0.85  x  219. 4  -  0.15><219.6 
=  1148.9  Btu/lbm 


il 

For  every  kilowatt-hour  of  work  delivered, 
is 


1148.9 


3412.8 

340.4 


the  heat  supplied 


i 


=  11,520  Btu/kw-br 
and  the  cycle  efficiency  is 


wnet 


340.4 
“  1148.9 


*s. 
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=  29.6% 


(b)  If  no  steam  was  extracted  for  feedwater  heating  then  the 
whole  quantity  of  liquid  fed  to  the  steam  generator  will  be 
in  a  state  corresponding  to  section  lc.  Then  the  heat  added 

to  the  fluid  per  pound  of  steam  generated  would  be 

* 

h  -  h , „  =  1368.3  -  47.95 
a  lc  r 

=  1320.3  Btu/lbm  f 

The  work  done  when  each  pound  of  fluid  passes  through  the 
turbine  would  be 

ha  “  hfo  “  ^ie  +  ^.75  (hie  -  hfe) 

=  177.1  +  193.3 
=  370.4  Btu/lbm  t 

The  total  work  of  the  cycle  =  the  work  delivered  by  the 
turbine  -  feedpump  work  ‘ 

"net  =  370'4  *  <hic  -  V 
=  370.4  -  0.9 
=  369.5  Btu/lbm 

The  heat  supplied  per  kilowatt  hour  of  work  delivered  would  be 

1320.3x3412.8/369.5  =  12,195  Btu/kw-hr 

When  extracted  steam  was  used  to  heat  the  feedwater,  the  heat 
supplied  was  11,520  Btu/kw-hr. 

Therefore  the  saving  due  to  regenerative  heating  is 

;  S'.  *  .  . 

12*195  -  11 ; 520 
12,195  = 

.  •  -  '  ■  *  5.5% 


•  PROBLEM  8-7 


A  vapor  power  cycle  operates  between  the  upper  and  lower 
limits  of  3.45  MPa  and  14  kPa  respectively.  Steam  at 
371°C  enters  the  high  pressure  turbine  and  leaves  at 
690  kPa,  at  which  point  some  of  the  steam  is  extracted  and 
rejected  to  an  open  feedwater  heater.  The  remaining 
steam  is  expanded  in  the  low  pressure  turbine  to  14  kPa. 
Assuming  the  processes  in  the  turbines  and  pumps  to  be 
isentropic,  calculate  the  thermal  efficiency  of  the  cycle. 


41 6 


41? 


Therefore, evaluating  the  different  mass  flow  rates  and  the 
enthalpies  at  the  different  states  and  substituting  them  into 
Eq.  (5)  gives  the  efficiency  of-  the  cycle. 

i  ^  .  r 

For  isentropic  expansion  in  the  \turbine  :  ( 

\  "*■  -~r  "  *' 

'  »  *-■*'  /. 

*  Sj  =  s  2t=  s3  * 

Using  the  Mollier  diagram,  obtain  1 

s  *  h1  =  3198.25  kJ/kg 

*  ■  » 
h  ?  =  2777.24  =kJ/kg  j 

k  5  ,  ■**'V 

i  .  4  f»  **  ; 

h  3  =  2174.81  kJ/kg  "> 

<  •  *  •  *  ' 

*  -h4  =  218.62  kJ/kg  •-  > 

Consider  the  low-pressure  pump,  which  raises  the  pressure  of 
the  water ^coming  out  of  the  condenser  from  14  kPa  to  690  kPa. 
Therefore 

h  5-h  4  -  v4(P5-P4) 

■j.  Is  4'.'  .  i,  it  *'■■£.$  i  K  '  1 

. •  ’•  .jj:  ..r  ^  \  5  .  ,b.=  0.001007(690-14). 

•.  ,4  *v;r  *  x  .  -  '•  .  * 

=  0.6807  kJ/kg 

*•<<?  -i  4 

Hence  -->■■■"  •  -  , 

Jr  f 

h5  =  218.62  +  0.6807  =219.3  kJ/kg 

x 

Assuming  the  open  feedwater  heater  to  be  ideal 


Also,  at^poi'nt  6  we  "assume  saturated  liquid  conditions  to 
exist.  Then  from  the  steam  tables  (at  694  kPa) 

t  -*-&*#*  =  '694.1  kJ/kg  ‘  "  L 


For  the  high-pressure  pump 


i  ,$m  ,-*■  - 


h?-h6  =  v6(P7-PG) 

;  £,f  ,=  .0.001107(3450-690) 
=  3.055  kJ/kg 


h  7  =  694.1  +  3.055  =  697.15  kJ/kg 

Now  the  mass ; flow  rates  must  be  evaluated.  %  For  this  consider 
the  open  feedwater  heater.  Let  "m  'be  the  extraction  mass. 

Then  let  mj  =.1.  Hence  .  ,  . 

1:  V*  |  ..  %  •  f  +,ti.  .  ■  ?  T  * 
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m3  =  m4  =  ms  =  1-m 


m6  =  m7  =  m1  =  1 


The  energy  balance  on  the  feedwater  heater  is 

mh2  +  (l-m)h5  =  l(h6) 

Substituting  the  numerical  values  for  the  enthalpies 

(2777. 24)m  +  (219.3)(l-m)  =  694.1  * 

Solving  for  m  gives 

m  =  0.1856  kg  extracted/kg  total  flow.  4 

Then  m2  =  0.1856,  m3  =m4  =  m  5  =  0.8144 

Finally,  substituting  all  the  numerical  values  into  Eq.  (5) 
yields 


'th  3198.25-697.15 


908.03 

2501.1 


[1(3198.25-2777.24)  +(0.8144) 
(2777.25-2174. 81)-(0. 8144 )( 219.3- 
218.62)-(1)( 697. 15  -  694.1)] 


=  0.3631 


nth  =.36*31? 


•  PROBLEM  8-8 


The  regenerative  feedwater  heating  cycle  shown  in  the  figure 
employs  one  open  and  one  closed  heater  operating  at  10  psia 
and  50  psia  respectively.  If  steam  is  supplied  at  400  psia, 
500°F  and  leaves  the  condenser  at  2  in.Hg.  abs . ,  calculate  the 
thermal  efficiency  of  the  ideal  cycle,  neglecting  pump  work. 


L9 


1  lbm] 

3 


(l-m  -m  ) 
2  3 


t  f 

w  ;  -■  f  +■ 


Solution:  In  solving  this  problem,  first  calculate  the 

enthalpies  at  'all  the  states  noting  that 


and  using  the  given  information.  Note  that 

P2  =  50  psia 


P3  =  10  psia 

P4  =  2  in  Hg  =  0.9823  psia 

Using  the  steam  tables, all  the  'values >are  obtained  and 
plotted  on  the  h-s  diagram  shown  in  the  figure.  Next,  assume 
that  1  lbm  enters  the  turbine,  and  make  an  energy  balance  on 
the  closed  heater. 


*'“*•  '  ^  m2h2  +  ra6h6  =  m7h7  +  m8h8 

However,  because  the  heater  is  closed^ 

3  i  ,  r:f  -S  f  «  ‘  7 

..  '  • '  m,  =■  m_*  "  *■  -  - 

"U  .  ;■*  ’*  ;  -=  -  ' 

'  vf  •  ■*<  „  ■  m6r  =  m0 .  -  1  lbm 


Therefore  Eq.  (1)  becomes 


m2h 2  **  ^2^7  ^8  ~  ^6 


Solving  for  m  yields 


1  m2  =  h>  ~  h6 

h2  -  h7  "  i 

250-161.17 

1078-250 


=  0.1075  -lbm/ lbm 
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Considering  the  open  feedwater  heater,  write  the  energy  balance 

as  if-  •  ~ 

m2h7  +  ( l-rn2— m  3  )h  5  +  1113113  —  m^h^  If 


or 

0.1075(250)  +  ( 1-0. 1075-ma ) ( 69) 

+  ra2(974)  =  1(161.17) 

Solving  for  m3  yields 

ra3  =  0.0802  lbm/lbm 
The  thermal  efficiency  is 


The  work  done  is 


w 


net 


hi  -  h0 


(2) 


~w  =  m1(h2-h1)  +  (m1-m2)(h3-h2 ) 
i  +  (m1-m2-m3 ) (h„-h 3 ) 

'=  1(1078-1245)  +  (1-0.1075)074-1078) 

+  (1-0. 1075-0. 0802)(852-974) 

=  -359  Btu/lbm 

Substituting  in  Eq.  (2)  gives  "  f  '  I 

-  359  . 

nth  “  1245-250 

=  0.361  < 

=  36.1% 

•  t  y  i 

r  <  '  •  PROBLEM  8-9 

The  flow  diagram  for  a  steam  power  cycle  with  two  stages  of 
open  regenerative  feedwater  heating  is  illustrated  below. 
Using  the  information  given,  compute  the  mass  flow  rates  of 
the  extraction  steam  (at  the  two  extraction  points)  per  unit 
mass  flow  through  the  boiler,  i.e.,  compute  (a)  m2/mx  and 
(b)  m3/m1,  assuming  the  isentropic  efficiency  of  all  three 
pumps  to  be  80%. 

Pj  =  P10  =  5  MPa  P2  =  P8  =  P9  =  1  MPa 

Tj_  =  500°C  T  2  =  300°C 

h3  =  3433.6  kJ/kg  h2  58  3051.2  kJ /kg 


P3  =  P6  =  P7  = 

100  kPa 

h3  *  2675.5  kJ/kg 

*  ‘ 
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•'  Pi,  -  P5*  =  5  kPa 

h  5  =  137.8  kJ/kg  T9  =  179. 91°C 

(sat.  liq.)  h„  »  2200  kJ/kg. 

T7  =  99. 63°C  -  * 

C  sat .  liq . ) 


Heater ,  Heater 


Solution :  (a)  First  consider  the  high  pressure  feedwater 

heater  alone,  and  write  the  equations  that  apply  to  this 
control  volume. 

Continuity:  m8  =  m9  -  m2  (m9  =  mx  )  (1) 

First  law:  m0h0  =  m9h9-m2h2  (2) 

Dividing  (1)  and  (2)  by  the  mass  flow  at  1  (through  the 
boiler)  one  gets 
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m2  _  hs  -  hg 

"I  ’  he  -  h2  >  <5) 

;K 

Now  that  the  mass  flow  rate  has  been  expressed  in  terms  of 
the  enthalpies,  all  that  is  needed  to  be  done  is  to  determine 
the  enthalpies  at  the  different  states,  using  the  information 
given  and  the  steam  tables.  , 


State  2:  h2  =  3051.2  kJ/kg  (given) 


State  8:  At  this  state  the  pressure  of  the  steam  is  the  only 
known  property.  But  for  a  pump, the  difference  in  enthalpy 
between  the  entering  and  the  leaving  stream  is  almost  the 
same,  differing  only  by  the  amount1  of  the  work  done  by  the 
pump.  Assuming  the  fluid  to  be  incompressible ,  it  can  be 
written  (for  an  isentropic  pump) 


hexit 


(6) 


But  this  is  not  an  isentropic  pump,,  and  irreversibilities  are 
involved,  making  the  work  required;*  to  drive  the  pump  more 
than  that  in  the  isentropic  case.  Since  the  efficiency  is 
known,  Eq.  (6)  can  be  written  as  ■ 

r 


h7  +  ^CPe  -  pl> 

npump 


At  state  7,  h?  =  hf  -  417.48  kJ/kg^and 

v,  -  v-  -  0.001044  m3/kg 
7  f  „ 

Substituting  in  the  above  expression 


.  0.001044(1000-100) 

h  e  -  447 ■ 48  +  -v;—;o.8 - - — 

=  418.65  kJ/kg 

1' 

State  9:  hQ  =  h„  =  762.82  kJ/kg  (saturated  liquid) 

Substituting  into  Eq.  (5) 

m2  h e  -  hg 
h e  -  h 2 

418.65  -  762.82 
418.65  -  3051.2 

’  =  0.1307 

i 

(b)  Now  the  second  mass  flow  rate  will  be  calculated  in  a 
similar  way.  Consider  a  control  volume  around  the  low 
pressure  feedwater  heater  and  write  the  equations  that  apply. 

Continuity:  m6  =  m7  -  m3  .  ,  ■  (?) 


423 


First  law: 


(8) 


m6h6  =  m7h  7  -  m3h3 

From  continuity  it  is  known  that  m7  =  m0  =  m3  -  m2  and 
m6  -iDj  -  m2  -  m3  (considering  a  control  volume  around  the 
turbine,  since  Lm6  =  m5  =  mO.  Taking  the  above  into 
consideration, Eq.  (8)  takes  the  form  ** 

(m3  -  m 2  -  m3)h&  =  (tin  -  m2)h7  -  mah3 


Dividing  by  m3  (mass  flow  through  the  boiler)  gives 

1  .  V 


(i  _  nn  _  mi)h6  =  (i  -  ^)h7  -  — h 3 

;  i  m i  ■  mi  mi  mi 


Solving  for 


m  3 

mi 


m  (1  -  ~)  ( h  7  -  h6) 
m 3  _  . .  ..mi _ 


(ha  —  ,  h  $  ) 


The  enthalpies  at  the  different  states  must  then  be 
calculated. 


(9) 


State  3:  ha  —  2675.-5  kJ/kg  >  (given) 

State  6:  This  is  the  same  process  as  the  one  at  state  7. 
Recalling  from  part  (a)  and  using  Eq.  (6)  one  gets 


h6 


h 


V  5  (  P  S  ~  P  5  ) 
npump 


(10) 


At  state  5, 


h5  =  137.8  kJ/kg  (given) 


v5  =  vf  =  0.001005* 
r  c  ...  .v  ^  \ % , *"  >• 

Substituting  into  Eq.  (10),  obtain  for  the  enthalpy  at 
state  6 


h6 


137.8  +  0.001005(100-5) 

0.8 


=  137.92  kJ/kg 


State  7:  h7  =  417.48  kJ/kg  (from  part  (a)) 

•  . 


Substituting  into  Eq.  (9)  yields 

1  f  L 


m3  _  (1-0. 1307)(417. 48-137. 92) 
mx  (2675.5-137.92) 


0.0958 
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Summarizing, 


-1  =  0.1307 
/  S 

*  — ' =  0 . 0958 
mi 

>  * 


OTHER  VAPOR  POWER  CYCLES 

l: 

•  PROBLEM  8-10 


A  power  cycle  using  steam  as  the  working  fluid  involves  one 
stage  of  reheat  and  one  stage  of  regeneration  as  shown  in 
the  figure.  The  efficiencies  for  the  high  and  low  pressure 
turbines  are  87%  and  86%,  respectively.  Neglecting  pump 
work  and  assuming  the  steam  leaving  the  condenser  and  the 
open  feedwater  heater  to  be  saturated  liquid,  determine 
the  cycle  efficiency  for  the  following  conditions. 

Tj  =  T3  =  400°C,  P1  =  Pe  =  4.0  MPa.,  P  2  s  P3  =  P6  ='  p  7  =  0.4MPa 

and  P,  =  P5  =  lOkPa.  ■  .  g 


>■  t  ...  i  ,  ,  -i 
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State  1  is  in  the  superheated  region,  and  from  the  super¬ 
heated  steam  tables  and  given  conditions 

h  i  =,i3213t.6  kJ/kg,  '  ~  sr  *  6.7690  kJ/kg-°K 

State  2  is  in  the  mixture  region, and  thus  the  quality  will 
have  to  be  calculated  as 


with  values  s2  =  Si  =  6.7690  kJ/kgK,  and 
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Thus 


s,  = 


1.7766  kJ/kg-°K,.  S_  =  6.8959  kJ/kg-°K 


x,  = 


6,7690  -  1.7766 
6.8959  -  1.7766 

=  0.9752 


Now  that  the  quality  is  known, the  enthalpy  at  state  2  can 
be  calculated.  From  the  steam  tables,  h^  =  604.74  kJ/kg  and 

h  =  2738.6  kJ/kg.  Thus 

h2g  =  hf  +  x2 ( hg  -  hf)  !'  (6) 

l 

=  604.74  +  0.9752(2738.6  -  604.74) 


=  2685.7  kJ/kg 

Note  that  this  is  the  enthalpy  for  the  reversible  process 
(isentropic)  in  the  turbine.  Since  this  is  an  irreversible 
process  and  since  the  efficiency  is  known, the  work  for  this 
process  can  be  obtained  using  the ^equation 

Wa  mi(h  i  -  h  2) 

=  <7) 

,i  +  •  r 

From  Equation  (3)  and  upon  substitution  of  obtained  values, 
solving  for  h2  gives 

!■  - 

h  2  “  h !  -  r,(hi  -  h2s)  ( 

=  3213.6  -  0.87(3213.6  -  2685.7) 

«  2754.3  kJ/kg 


From  Eq.  (4),  solving  for  the  work  per  unit  mass 

=  h  i  -  h  2  t 


it 


mi 


H.P. 


i' 


=  3213.6  -  2754.3  , 

=  459  \  3  kJ/kg  '*  ** 

i- 

A  similar  process  is  used  for  the  low  pressure 
turbine.  The  equations  that  apply  here  are  the  same  as 
before, with  continuity  being  the  only  exception,  written  as 

m  3 

where  .  ra3 

The  first  law  is  written  (per  kg  of  steam  entering)  as 


=  m, 


=  m,  -  m. 


427 


'( h  ,  -  ht) 


The  mass  ratio  will  have  to  be  calculated  as  well  as  the 
enthalpies,  in  order  to  solve  for  the  work  of  the  low 
pressure  turbine.  v 

i 

Noting  that  there  is  the  feedwater  heater  where  the 
different  mass  flow  rates  meet,  take  a  control  volume  around 
it  and  write  the  equations  that  apply. 

Continuity:  m7  =  m  +  m6  (9) 

a 

First  Law:  m7h7  =  m  h  +  m6h6  (10) 

. }  .  ^  a  a 

Note  that  m6  -  m3,  m7  =  di1s  and'ha  -  h2»  With  this  in  mind, 
Eq.  (9)  becomes  (solving  for  ma) 


_ X  _  <x  _  ^  _  _ 

m7  m!  m3 

and  Eq.  (10)  becomes  (solving  for  h?) 

'  v  -  ;.r 

m  m3 

^  7  “  m  h  2  +  —  h  | 


-  (1  -  SI)  h2  +  Si  h6 

mi  mi  - 


From  Eq.  (11) 


m  3  ( h  7  —  h  2 ) 

m i  *■  ■  ‘  ( h 6  -  h2) 


Substituting  into  Eq.  (8)  get 


m  i  LP 


■  -> 


Neglecting  pump  work  and  using  the  steam  tables,  obtain 
State  3:  h,  =  3273.4  kJ/kg,  s3  =  7.8985  kJ/kg-°K 


State  6:  h 


h? =  hf 


191.83  kJ/kg 


State  7:  h7  =  hf  =  604.74  kJ/kg 

State  4:  This  is  in  the  mixture  region, so  the  quality  has 
to  be  calculated  first  with  sf  -  0.6493  kJ/kg-  K 

s  =  8.1502  kJ/kg-°K 

g  ■  ■  * 


428 


«J  -  S  4  **  j 


-  7.8985  -  0.6493  i! 

8.1502  -  0.6493 

.f,  U  J  f  rltt  .  i-  X 

=  0.9664 

The  enthalpy  at  state  4  with  - 

hf  =  191.83  kJ/kg hg  =  2584.7  kJ/kg 

is  then  .  .  '' 

''  c 

h*S  =  hf  +  X“(hS  '  ht) 

.  .  =  191.83  +  0.9664(2584.7-191.83) 

=  2504.3  kJ/kg, 

*  -  *•  V 

remembering  that  this  is  the  isentropic . enthalpy .  For  the 
irreversible  process  with  an  efficiency  of  86/£,  for  the  low 
pressure  turbine  *  <  li!. 

;  s  •  -c 

i  h„  =  h3  -  ;n(h3  -  h4s)  ^ 

=  3273.4-0.86(3273.4-2504.3) 

=  2611.9  kJ/kg  s 


Hence 


W, 


m 


604.74  -  2754 
191.83  -  2754 


*) 


(3273.4  -  2611.9) 


=  554.91  kJ/kg 


W 

From  Eq.  (1)  can  be  calculated  as 

W  f 

P-g-t  =  459'.  34  +  554.91 

mi  - 

=  1014.25 1kJ/kg. 

Next,  qH  or  rather  Qjj/m,  will  have  to  be  evaluated.  To  do 

that,  consider  the  boiler  alone",  and  write  the  equations  that 
apply. 

First  Law:  Qjj  +  m6h0+  m^h2=  m3h3+  nijhj  (W=0) 


or 


% 

mi 


b 


(hi 


he) 


(  h  3 


ha) 
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substituting  the  calculated  values  yields 


% 

mi 


(3213.6  -  604.74)  +  0.8389(3273.4  -  2754.3) 
3044'.  3  kJ/kg"  ; 


Now 

Eq. 


substitution  of  all  the  needed  information 
(1)  gives  - 

1014.25 

ncycle  3044.3 


into 


or 


=  0.3332 


ncycle 

ri 


33.32 % 


•  PROBLEM  8-11 


Consider  the  combined  reheat  and  regenerative  cycle  shown 
in  the  accompanying  figure.  -.Assuming  that  the  processes  in 
the  pumps  and  turbines  are  reversible  and  adiabatic, compute 
the  thermal  efficiency  of  the  cycle.  Assume  that  the 
working  fluid  is  steam  with  the  following  properties  known: 

Pi  =  6.20  MPa,  *  P2=  2.1  MPa,  T6  =  T7  =  65°C 

Tx  =  460bC,‘  •*'  '  P  3  =  620  kPa , 

P  s  =  207  kPa, 


States  7,  9,  11,  13  are  saturated  liquid. 


Solution :  Because  14  different  states  occur  in  this  cycle, 
it  is  efficient  to  calculate  the  enthalpies  and  entropies 
at  these  states  before  starting  the  problem. 

Using  the  steam  tables  along  .with",  the  given  information,  the 
following  are  obtained. 


Table  1 


■ 

p 

T 

(kPa) 

(  C) 

B 

6200 

460 

3323.05 

6.7343 

B 

2100 

299 

30.14 . 50 

HlfW 

B 

620 

160 

2756.31 

6.7343 

4 

2100 

443 

3356.42 

7.8209 

B 

207 

282 

3030.78 

7.8209 

B 

25.03 

65 

2618.75 

7.8310 

B 

25.03 

65 

272.06 

B 

207 

B 

207 

’121 

509.19 

Ba 

620 

B 

620 

160 

676.05 

1.9438 

B 

2100 

HI 

2100 

214 

nBB 

Ed 

620 

Note  that  the  enthalpy  and  entropy  at  states  8,  10,  12,  and 
14  cannot  be  calculated  directly  from  the  steam  tables. 

>•  ■>  ?  .  ' '  ■ 

The  efficiency  of  the  cycle  is  given  as  . 


"net 

n.’~  Q.  *  « 

Hin 

(1) 

where 

t  > 

{  *  t"  -  '* 

•  ■  y* 

,  '  5 

"net  ’  ‘E"t  +  -swp 

- 

(2) 

Qin  Qb  + 

. 

(3) 

However , because  of  the  number  of  pumps  and  the  number  of 
streams  leaving  the  turbines,  W  ^  can  be  calculated  from 

an  overall  energy  balance  around  the  cycle.  Hence 

i.u.  •  ,-<r  ■‘■"u  j 

W  =  Q.  +  Q„  +  (4) 

net  b  ^c 

■  .  -T  -j. 

Because  of  the  number  of  streams  involved,  the  work  and  heat 
will  be  calculated  per  1,  kg  through  the  condenser. 

First  consider  an  energy  balance  around  the  condenser. 

qc  -  h6  -  h7,  <5> 
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t.u 

V  ■  "»  * 


=  2618.75  -  272.06 


=  2,346.69  kJ/kg 


Consider  next  an  energy  balance  around  the  boiler 

Qb  =  m1h1  -  ra14  h14 

or  per  1  kg  through  the  condenser 

Q*  hi  -  SUi  h14  (i 

b  m7  m7  14 

Then  consider  the  reheater.  An  energy  balance  gives 

Q  r  =  nuh«  -  mi,h 3 

or  per  1  kg  through  the  condenser 

-  m ,  ~  m 

Q;  =  —  h - -  h  v 

7  7 

To  evaluate  Eqs.  (6)  .and  (7),  the  mass  flow  rates  and  the 
unknown  enthalpies  must  first  be  computed.  Let 

'm,  _  kg.  through  part ♦  equipment 
kg.  through  condenser 

Consider  an? energy  balance  around  preheater  1. 


m'h  +  m'h  =  m*h 

8  e  5  5  9  9 


A  mass  balance  gives 


1  +  m'.  =  m;  ( 

Substituting  Eq.  (9)  into  into  Eq.  (8)  and  solving  for  m ’5 
gives  ,  x 

•<  r  Vh  9.,”  ^8  | 


but  m'fi  =  1,  hence 

»*.  *%*  .  £  t 

l 


=  m\b—rr 


h  9  —  h  e 
m's  =  r - 

■  h5  "  h9 


The  enthalpy  at  8  (h8)  is  obtained  from  the  pump  work  as 


-w  =  Ah  =  h  a 

P  .  u,  -  9 


f  ■ 

-  h  ?  =  vd 


^  "  V7^PS  ’  V 


.«  J  i  &  _ 


=  0.001011(207-25.03) 


=  0:184  kJ/kg 
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or 


h  e  =  272.24  kj/kg 


Substituting  into  Eq.  (10) 


m*  = 


509.19-272.24 


5  3030.78  -  509.19 

=  0.0940  kg/kg  through  cond. 

=  1  +  0.094  =  1.094  kg/kg  through  cond 
The  enthalpy  at  10  (entering  preheater  2)  is 

Ah  =  h  1 0  -  h9  ^ 

=  V  fP, .  -  Pa) 

7  9  10  9 

=  0.001061(620-207) 

V  ,  ‘  " 

=  0.4382  ! 


or 


h10  =  509.63  kJ/kg 


Consider  an  energy  and  mass  balance  around  preheater  2. 


m*  Qh  i  Q  +  m’3,h3  =  mjjh^ 


and 


nr 


I  •  =  } 


1  o 


+  m’  =  m 


(11) 


1 1 


Solving  for  m’  gives 


m 


A1 1 1  h  l  o 

3  h3,-  hlly 


But 


Therefore 


m  1  =  m 1  =  1 . 094 

10  9 


,  _  676.05-509. 

m  3  _  1,094( 2756. 31-676 


.63) 
.05  J 


and  from  Eq .  (11) 


=  0.087  kg/kg  through  cond. 

=  1 . 094  +  0. 087  1 

.  =  1.181  kg/kg  through  cond, 

& 

The  same  procedure  is  followed  for  preheater  3. 

Ah  =  h12-  hn 

*  ir  i.  j,  ■  =  VH^12  “ 
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=  0.001105(2100-620) 
=  1.6354  kJ/kg 


or 


Then 


h12' =  677.68' kJ/kg 

i.  -  j  •  ,,  .  .. 


mi2^12  +  m  2  ^  2  mi  3^1  3 


m’  ="m’  +  m* 

13  12  2 


Solving  for  m^  in  Eq .  (12)  gives 

’  ih  -  h 

13  12 

m  .  =  IKT  At- — : - r~— 

2  ’  1 2  \h  -  n , 


but 


(12) 

(13) 


m’ 


1  2 


*  m’  =  1.181 


i  i 


Thus 


m* 


:  i 

and  from  Eq.  (13) 
m 


iri7919. 87-677.68)' 
^3014.5-919.87  ^ 

=  0.136  kg/kg  through  cond. 


•  •=  ,  ,=  1.181  +  0.136 

13  14 

4  I  11  * 

V£  =  1.317  kg/kg  through  cond. 


The  enthalpy  of  the  liquid  entering  the  boiler  is  obtained 
by  considering  the  work  of  pump  4. 

-w  =  h,,  -  h,  , 
f  P  14  - 1 3 


t 


or 


=  v  (P  *  »-  P  ) 

1  3  V  1  4  .  137 

=  0.001180(6200-2100) 

=  4.838  kJ/kg 
h  ^ , =  924. 71 > kJ/kg 


The  mass  flow  rate  through  the  reheater  is  obtained  by 
considering  a  mass  balance  around  the  low  pressure  turbine. 


m’  =  m* ■ +  m* 

4  6  5 


=  1.0  +  0.094 

=  1.094  kg/kg  through  cond. 
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*  The  different  mass  flow  rates  are  shown  in  Table  2. 


Table  2 


State 

m’ 

(kg/kg  through  cond.) 

h 

(kJ/kg) 

1 

1.317 

3.323.05 

2 

0.136 

3.014. 50 

3 

0.087 

2.756. 31 

4 

1.094 

3.356.42 

5 

0.094 

3,030.78 

6 

1.000. 

2.618.75 

7 

1.000 

272.06 

_ 8. 

1.000: 

272.24 

9 

1.094 

509.19 

10 

1.094 

509.63 

■11 

1.181 

•  676.05 

12 

1.181 

677.68 

— L3 

1.317 

919.87 

14 

1.317 

924.71 

i 

'  Using  Eq.  (5)  and  values  from  Table  2  obtain 

=  1.317  [3323. 06  -  924.7l] 

=  3158.63  kj/kg  through  cond. 

From  Eq.  (6)  and  values  Ifrom  Table  2  obtain 

Q*  =  1.094  [3356.42  -  2756. 31 1 
i  r  L  J 

=  656.52  kJ/kg  through  cond. 

* 

Substituting  the  numerical  values  of  Eqs.  (5),  (14), 
(15)  into  Eq.  (4)  gives 

w'  =  3158.63  +  656.52  -  2346.99 
net 

=  1468.16  kJ/kg  through  cond. 

From  Eq.  (3) 

*  1  '  \ 

Q!  =  3158.63  +  656.52 
in 

(  =3815.15  kJ/kg  through  cond. 

'  Finally, from  Eq.  (1) 

1468.16 
3815.15 

0.3848 

38. 48% 
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(14) 


(15) 


and 


1 


•  PROBLEM  8-12 


Steam  leaves  the  boiler  in  a  steam  turbine  plant  at  2  MPa, 
300°C  and  is  expanded  to  3.5kPa  before  entering  the 

condenser.  Compare  the  following  four  cycles: 

;■  t  -!  * 

1.  A  superheated  Rankine  cycle. 

"  ,  !}.  * 

2.  A  reheat  cycle,  with  steam  reheated  to  300°C  at  the 

pressure  where  it  becomes  saturated  vapor. 

* 

3.  A  regenerative  cycle,  with  an  <?pen  feedwater  heater 

operating  -at  the  pressure  where  steam  becomes  saturated 
vapor.  V  _  ■  ^  ^ 

4.  A  regenerative  cycle, with  a  closed  feedwater  heater 
operating  at  the  pressure  where  steam  becomes 
saturated  vapor. 


s 


„  t,  J.sF’ig*  1.  Rankine  Cycle 


Solution :  1.  Referring  to  Figure  (1),  the  steam  tables 

show  that 

1  'V. 

f 

h„  =  3025  kJ/kg 
,  ft..-  .  .  1  .V 

s  i,  =  6.768  kJ/kg-°K 


At  P  =  3.5  kPa 

s  =  8.521  kJ/kg- °K 
g  SI  .  -  ■ 

sf  =  0.391  kJ/kg- °K 
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Since  s5  =  s4,  steam  at  5  is  a  mixture  of  liquid  and  vapor. 
The  quality  is  found  as  # 

"  ■  '  &  :! 


Therefore 


hence 


x  = 


S  5  -  Sj 


Sfg 

=  6.768  -  0.391 
8.130 

=  0.785 


hs  =  hf  +  xshfg 


=  112  +  0.785(2438) 


A  • 

=  2023  kJ/kg 

s  =  h4  h5 
=  3025-2023 
=  1002  kJ/kg 


Now 


W12  =  h-l  -  hJ 


J .  t 


S  vf(Px  -i  P2>  - 
=  0.0010(0.0035  -  2)  x  103  kJ/kg 


=  -2  kJ/kg 

Therefore  the  net  work  output, is  £ 


w  =  wl<5+w12  =  1000  kJ/kg 


Heat  input  is 


Q,,  =  h  -  h 


... 

„  i  -• 


But 


therefore 


’  .  .  '  ’ ,4' 

>,  '  '  ■  T  . 

h2  =  h2  -  w12  =  112  +  2  =  114  kJ/kg 


q  =  3025  -  114  =  2911  kJ/kg 


Thus , 


V  -  £  M,  ■  -tii  .  V 

w  _  1000  _  0  344 
q42  '  2911  ,°*344  tv 
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n 


Also 


L  4  .*■ 


3600  _  3600  _  o  « 

Specific  Steam  Consumption  =  — —  -  ^qqq  =  3*6  kS'kW 


Fig.  2.  .Reheat  Cycle 


2.  Refer  to  Fig.  2,  and  note  that  since 

s5  =  ssat  =  s4  *  6.768  k«J/kg-°K 

the  pressure  at  reheat  point  5  can  be  found  using  the 
steam  tables.  Interpolating  between  0.55  MPa  and  0.6 
gives 

Y  -.1.  4  P5  ='0.588  MPa . 

Then 

h=  =  2753  +  ovlb8  " . 0 i 55  (2757  -  2753> 

a  2753  +  x  4  . 

0.05 

=  2756  kJ/kg 

i  >• 

As  6  and  5  are  on  the  same  isobar,  by  interpolation 

h6  =  3065  +.°q56q'"I  0*5  (3062  -  3065) 

* 

=  3065  +  (-  3) 

*  ■  .  * 

=  3062.4  kJ/kg  1 

S6  »  7.460  +  0.88  (7.373  -  7.460) 

=  7.460  +  0.88  (-  0.087) 


T> 

h 


MPa 


438 


=  7.384  kJ/kg- °K 
At  P  =  3.5  kPa 


Since  s7 


Then 


s  =  8.521  kJ/kg-°K 

D 

sf  =  0.391  kJ/kg- °K 


the  quality  at  7  is  found  as 


7,384  -0.391 
8.130 


0.86 


h  7  =  112  +  0.86(2438) 

=  112+  2095  =  2207  kJ/kg 


The  net  work  output  is  given  by 

J  1  t,  •'  ■  ,  s 

W  =  W4  5  +  W6  7  +  W i  2 

=  (3025  -  2765)  +  (3062.4  -  2207) 

=  1122.4  ;■  .  '  J,  • 

The  heat  inDut  is  -  *  ■>  ii: 

9  =  +  <*«S 

.  >  -1  v  if  *  •' 

=  2911  +  ( h  6  -  h  5 ) 

=  2911  +  (3062.4  -  2756)  * 

=  3217.4 

...  •  t  * 


Therefore 


and 


s. s. c. 


1122.4 

3217.4 


=  0.349 

&  & 


3600  _  3600 

w  1122.4 


3.2  kg/kW  h 


■d  ■ 


5  ' 

i..>  >■ 


2 
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V  "U  (b)  r 

Fig.  3  Regenerative  cycle. 


3.  Refer  to  Figures  3(a)  and  3(b).  The  work  is  as  in  (b) 

.  „  .  w4  5  =^269  kJ/kg 

*  -  1  ft  ’  «  *-*■  ■■  *>•  •  ;  >•  * 


Next  determine  the  amount  of  steam- bled  off  at  5.  Consider 
an  energy  balance  for  the  open  feedwater  heater  with. 


h  2,  =  yh  -  ( 1-y  )h  2 

,  S*  I  T 


which  gives 


t  t- 


y 


* 


To  find  the  value  for  hj, -enter  the  steam  tables.  At  5  the 
pressure  is  known  (P  =  0.588  MPa)  and  the  state  of  the  steam 
is  given  as  saturated  vapor.  Therefore  by  interpolating 
between  the  values  of  0.5  MPa  and  0.6  MPa,  obtain 

^ 

_  ,^>.  0.588  -  0.55  ^ aeLd\ 
h 2 •  656  +  0.60  -  0.55  ^6?0  656) 


Then 


=  656  + 


0.038 

0.05 


x  14 


.  .j 

=  666.6  kJ/kg  * 

I 

11  «  ^ 

L  666. 6f 

y  2756 


1 


552.6 

2642 

0.209 


114 

114 
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Hence 


also 


wS6  =  (1  -  y)  (h  5  -  h  6 ) 

=  0.791(2756-  2023) 
.580  kJ/kg 

w2  ,  2„'  =  vf(p2  ■  ~  P2„) 

=  0.0011(0.588  -  2) 
1.1  x  1.412 
=  -  1.55  kJ/kg 

W  =  W,  ,  Wr,  +  VJ  +  w  . 

45-  5  6  12  2'  2" 

=  269  +  580  -  0.791  *  2  -  1, 
=  845.87  kJ/kg 

The  heat  input  is 

q42„.=  3025  r  (666.6  +1.55) 

=  2356.8  kJ/kg 
The  efficiency  of  this  cycle  is 


Therefore 


55 


and 


n  = 


s. s. c.  = 


w 


_  .845,87 

q  2356.8 

4  2” 

3600  3600 


0.3595 


w 


5=5  84579  =  4*25  kg/kW 


(a) 


103 
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S.f  -  *  <  -V  -  a  r  • 

Fig.  4.  A  Regenerative  cycle  with  closed  heater. 

•  ■.«  r ...  vi 

4.  Refer  to  Figures  4(a)  and  4(b).  ‘The  work  is  as  in 
part  (b) 

i  J  ■ 

w4  5  =  269  kJ/kg 

.  *  .  » 

Heat  balance  for  the  heater  ‘as  a  closed  system  gives 
1,hi i  +  yh9  =  1-h2  +  yh5 

giving 


Now  in  finding  the  enthalpies  in  the  feed  line,  it  is 
usual  to  make  the  following  assumptions: 

^  y 

i.  Neglect  the  feed  pump  term.  , 

w  J 

t,  .-*•  -*■  ' 

ii.  Assume  the  enthalpy  of  the  compressed  liquid  to  be 

the  same  as  that  of  the  saturated  liquid  at  the  same 
temperature.  f  | 

\ 

iii.  Assume  the  states  of  the  condensate  extracted  from  the 
turbine,  before  and  after  throttling,  to  be  the  same 
as  that  of  the  saturated  liquid  at  the  lower  pressure 
of  the  throttled. liquid. 
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Using  these  assumptions 


whence 


Therefore 


h  2  =  h  1 


hll  =  h 


h  9  k  1  o  ^1 


h  a  "  hr 
Th" s  -  hr: 


666 . 6  -  112  n  __Q  ,  . 
2756  -  112  °'209  kj/kg 


Wj  6 '  =  580  kJ/kg 


W  =  W|,  5  +  W56  +i;w12 


=  269  +  580  -  2  =  847  kJ/kg 


Heat  input  Q411  =  2358.4  kJ/kg 


n  =  -w  =  -- §11-  =  o 

1  ~  OOCO  A 


2358.4 


S.S.C.  =  3^2  =  ^  =  4.25  kg /kW  h 


t  ^  ■  =- 


•  PROBLEM  8-13 


In  a  simple  power  plant,  steam  leaves  the  boiler  at  87  psia, 
560°F  and  is  expanded  adiabat ically  in  the  turbine  to  a 
final  pressure  of  15  psia.  Determine  the  ratio  of  the  net 


work  produced  to  the  heat  added  in  the  cycle 


te) 


if  the 


cycle  is  (a)  an  ideal  Rankine  cycle,,  (b)  an  irreversible 
Rankine  cycle  with  an  increase  in  entropy  of  0.0500  Btu/ 
lbm-°R  during  the  expansion  in  the  turbine,  (c)  a  Carnot 
cycle  operating  between  the  same  maximum  and  minimum 
temperatures.  (d)  Compare  the  cycles  in  (a)  and  (b)  to  the 
Carnot  cycle. 
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Solution :  (a)  For  the  Rankine  cycle,  the  heat  added  r 

during  the  process  of  heating  the  water  in  the  boiler 
is  r 

qin  =  h3  “  h2  (1) 

"  ,  i 

where  h3  and  h2  are  the  enthalpies  of  the  working  fluid 
after  and  before  the  boiler  respectively.  From  the  steam 
tables  1  . 

h  3  =  1310.2  Btu/lbm 

*  .  „  h2  =  181/1  Btu/lbm 

Substituting  into  Eq.  (1) 

q in  =  1310.2  -  181.1 

=  1129.1  Btu/lbm 

The  net  work  for  the  cycle  is  given  as 

■"  wneV  =  Iw  =  wt  +’Wp  *  (2) 


Consider  the  turbine 


wt  =  h  3  -  h4  (3) 

where  h3  and  h4  are  the  enthalpies  before  and  after  the 
turbine,  respectively.  From  the  steam  tables 

h4  -  hg  =  1150.8  Btu/lbm  (P  =  15  psia) 

K  '  .  - 

s4  =  =  1.7550  Btu/lbm-°R 


Substituting  into  Eq.  (3) 

,  .  _  wt  *  1310.2  -  1150.8 

=  159.4  Btu/lbm 

•  i  ‘  - 

For  the  pump ' 

-:’J  '  '  ’  %  v  ' 


i 


Wp  ’r  =  V1(P2  P1  )  ;F 


0.01672(87  -  15)  x  144 
778 


>  . 


=  0.22  Btu/lbm  ( 

(Note  that  wp  <<  wt ,  and  in  many  cases  wp  is  neglected.) 
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Substituting  into  Eq.  (2) 


Then 


w  .  =  159.4  -  0.22  . 
net 

:  =  159.18  Btu/lbm  > 


w 


net 


in 


159.18 

1129.1 


0.141 


(b)  For  the  cycle  with  the  increase  in  entropy,  the  heat 
added  during  the  cycle  is  the  same  as  in  part  (a), -since 
the  entropy  increase  happens  during  the  expansion  in  the 

turbine.  However,  for  this  cycle  •_  — :  - 

;  ‘  ■.*  **- 

S4  S4  + 

-  T  1.7550  +  0.05  > 

=  1.8050  Btu/lbm-°R 

With  this  increase  in  entropy, and  P  =  15  psia,  at  the  exit 
of  the  turbine  the  steam  is  slightly  superheated.  From  the 
superheated  steam  tables  obtain  j, 

h’4  =  1186 . 3^  Btu/lbm  ^  \  i:- 


=  1310.2  -  1186.3  i 


»  1  •  A  ■  1  ' 

=  123.9  Btu/lbm 

.1 

1!*« 

The  turbine  work  is  as  in  part  (a).  Therefore 

w  =  123.9  -  0.22  =  123.68  Btu/lbm 
net 

Hence 


wnet  _  123.68 

q  .  1129.1 

4  in 


0.110 


4  1 


(c)  For  the  Carnot  cycle  ^ 

w  rr  —  T 

net  _  max _ min 

q in  Tmax 

where 

T  =  temperature  after  the  boiler 
max  v 
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Hence 


=  560  +  460  =  1020°R  <  f 

^min  =  ^emPera^ure  the  condenser 

=  213  +  -j  460  =  673°R 


wnet  _  1020  -  673 

q~  1020 

in 


O'.  34o' 

4  - 


'  i  •  -  ’  si  -  -  ,  t,  ‘ 

(d)  Comparing  as  ratios, 

t  ?  n  •s  ' 

Ideal  Rankine  _  0.141 
Carnot  0. 340 

...  *  ■ 

Irrev.  Rankine  _  VQ. 110 
Carnot  • ..  vf  ,0.340 

.  ■  . i  ■ 

T  t  ,  J  ‘  1  r  ...  ,  % 

T  .  £■’»,«.*  i  •  PROBLEM  8-14 

A  steam  turbo-generator  having  an  efficiency  of  98%  receives 
steam  at  10.34  MPa,  538°C  and  expands  it  to  6.89  kPa  with 
the  exhaust  steam  leaving  at  a  velocity  of  122  m/sec.  When 
the  mass  flow  rate  is  137,000  kg/hr,  40,000  kW  of  power  are 
produced  and  mechanical  losses  in  the  turbine  total  to 
447.6  kW.  Compute  (a)  the  rate  of  steam,  based  on  shaft 
output,  (b)  the  internal  engine  efficiency,  (c)  the 
enthalpy  of  the  exhaust  steam  , ' and  (d)  the  amount  of  excess 
heat  that  must  be  removed  in  the  condenser  because  of  losses 
in  the  turbine.  T 

■  *  *  ■  *  "  '  * 

M  ■  •  .  5  i*  n 

Solution:  (a)  Since  irreversibilities  are  involved,  the 

shaft  output  is 


»  0.415 

=  0.324 


,  *  p  < 

Shaft  output  -  — — 

-  40,000 
0.98 

=  40,816.33  kW 

The  steam  rate  is 

steam  rate  =  _ m _ 

Shaft  output 


446 


=■  137.000 

40,816.33 

=  3.36  kg/shaft  kw-hr 

i  .  i  i- 


(b)  Referring  to  the  figure  and  using  the  steam  tables, 

4  f  ' 

h2  =  4 , 465 . 97  kj/kg- 
s  3  =  s2  =  6.6993  kJ/kg-°K 
State  3  is  in  the  mixture  region.  Hence 

j  *.sf  =  0.5520  kJ/kg-°K  v 

Sg  -  8' 2865  kJ/kg-°K  * 

Therefore,  solving  for  the  quality  at  3 


=  6.6993  -  0.5520 

8.2865  -  0.5520 

=  0.7948 


Hence 


h  3  *  „  hf  +  x  3(hg  -  ,hf) 


44? 


= -M 161" 23  +'0.7948(2571.55  -  161.23) 
=  2,076.95  kJ/kg 


The  internal  engine  efficiency  is  given  as 

wint 


int  wth 


The  internal  work  is 


*  p  \ 
wint  =  net  ' 

m 


\ 


*  =  (40,000  +  447.6)  x  3,600 

/  '  “  137,000 

r  ,  sv-  i 


=  ■ 1 ;062 T85  kJ/kg1 


The  theoretical  work  is 


:  v-  ..! 

i 

,  3,465.97  -  2,076.95 

"  ■■  ■  t  ■  <r  ■ 

=  1389.02  kJ/kg 


Substituting  into  Eq.  (1)  yields 

*>  .  i..  '  ’  .1  t  •  1  i"'  ' 

_  1062.85 


n 


int  1389.02 


*  ■* . 

=  0.7652 


or 


n£nt  ‘  ™.52X  •' 


(1) 


(c)  To  find  the  enthalpy  at  'the  exhaust" of  the  turbine, 
write  an  energy  balance  for  the  turbine. 


h,  =  h,-  ,+  .wlni  -  2~x  1 ,  boo 


Solving  for  h  1 

3 


h  ’  =  3465.97  -  1062.85  -P222? 

3  2  x  1000 

r  f*-..  , 

=  2395.68  kJ/kg 

(d)  The  excess  heat  to  be  removed, from  the  condenser  is 

Qexc  =*(h*-hs) 

h*  =' stagnation  enthalpy  at  exit 
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where 


v2 

h*  =  h  '  +  - - - 

°  3  2  x  1000 

=  2395.68  +  7.442 

R 

=  2403.12  kJ/kg 

I 

I 

Therefore  ^  \ 

6  =  137,000  (2403.12  -  2076.95) 

0X0  ^ 

=  44,685,564.15  kJ/hr 
=  12,412.66  kJ/sec 

/  '  V  ■; 


•  PROBLEM  8-15 


Saturated  mercury  vapor  at  538°C  flows  into  the  mercury 
turbine  in  a  mercury  steam  power  plant  and  leaves  it 
at  316°C.  Cooling  water  for  the  steam  condenser  is 
available  at  16°C,and  saturated  steam  at  316°C  is 'supplied 
to  the  steam  turbine  after  it  has  been  heated  in  the 
mercury  condenser, which  serves  as  the  steam  boiler. 
Neglecting  pump  work  and  assuming  the  mercury  and  steam  to 
undergo  a  Rankine  cycle  with  reversible  processes, 
calculate  the  thermal  efficiency  of  the  combined  plant. 
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(b) 


<  f 


if 


Solution :  (To  solve , this  problem, consider  the  two  cycles 
separately i , 'Refer  to  the  figure  and. consider  the  mercury 
cycle  first. .  .  Using  the  mercury  tables,  the  enthalpy  of  the 
mercury  vapor  entering  the  s turbine ,?is  ♦  / 

:  8  r  *+•  •  ,  ^  ^  •  i  "  * 

:  .  ,V  t-  .  h3  ~r  361.28  kJ/kg^  ..(mercury)  t ' 
and  the  entropy  is  ~ 

s3  =  0.5024  kJ/kg-°K  (mercury) 


At  the  exit  of  the  mercury  turbine, the  state  lies  in  the 
mixture  region.  -  The  quality  at  that  state  is 


xv  = 


f  ~  ~  - 


Su  -  S 


sg.-,.sf  > 

4  - 


_  0.5024  -  0.1047 
*  0.6029  -0.1047 

",  ='  0.7983 

f  <r 

The  enthalpy  at  state  4  is  then;, found  to  be 


h  4  j.  h  j  +  xj  hg  —  h ^  ) 


/\\ 

v  'i 


43.13  +  0.7983(336.43  -  43.13) 
=  277.27  kJ /kg  (mercury) 

Also  from  the  mercury  tables 

h x  =  hf  =  43.08  kJ/kg  (mercury) 
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Next  consider  the  steam  cycle.')  From  the  steam  tables  at 
316°C 

hc  =  2711.62  kJ/kg  (steam) 

Sc  =  =  5.5714  kj /kg-°K  (steam) 

At  the  exit  of  the  steam  turbine  ,the  steam  is  in  the  mixture 
region.  Hence  ■.  ,  ■  s. 


5.5714  -  0.2324 
8.7705  -  0.2324 

=  0.6253 


The  enthalpy  at  the  exit  of  the  turbine  is  then  found  to  be 
(T  =  16°C ) 


hd  =  hf  +  xd(hg  -  hf) 

=  67.18  +  0.6253(2530.74  -  67.18) 

=  1607.64  kJ/kg  (steam) 

Also  from  the  steam  tables 

h  =  h,  =65.27  kJ/kg  ; 

a  1 

The  thermal  efficiency  for  the  binary-vapor  heat  cycle  is 


m 


w 


'th 


=  (h3  -  h4)  +  rr^  (hc  -  hd) 
-  h  h 


(1) 


m 


4  !p 


w 


where  —  is  yet  to  be  determined.  Assume  a  flow  of  1  Ibm 
mm 

of  mercury  and  write  an  energy  balance  for  the  mercury 
condenser  (or  steam  boiler). 


Dividing  by  mm  gives 


mh,  +  mh.  =  mh,  +  mh 
m  4  w  h  ml  w 


w  b 


m 


w  c 


/ 
H  ; 


m  j  m 

u  J.  W  .  '  .  W  . 

h .  +  —  h.  —  h .  +  — —  h 

4  m  b i  m  c 
m  m 


m 


Solving  for 


w 


m_ 


gives 


m 
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■*  mwI  h4—  hi 


277.27'  -  43.08 
4  .  ,  ,  2711 . 62  -  65. 27 

=  0.0885  kg  steam/kg  mercury 

Hi  !  . 

Substituting  into  Eq.  (1) 

(361.28  -  277.27)  +  0.0885(2711.62  -  1607.64) 
nth  ~  361.28  -  43.08 

_  181.71 

318.20  ;  ~ 

=  0.5711 

V  .  -  < 

=  57.11% 

m  a  ■:*  ’  j  '  '  . 


THE  VAPOR  CARNOT  CYCLE 

f 


•  PROBLEM  8-16 


Assuming  that  the  efficiency  of  the  Carnot  cycle  is  a 
function  of  the  temperature  limits  only,  derive  the 
expression  for  the  thermal  efficiency  of  this  cycle  as 


Refer  to  the  accompanying  figure.  Assume  ideal  gas., 
behavior. 


x  ■ 


'  j 
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Solution:  The  thermal  efficiency  is  by  definition 

\h  -  -  w 


Q 


in. 


Q. 

^in 


(1) 


From  the  first  law 


6  W  = 


60  =  Q.  -  Q  . 
^  ^in  *out 

fP 


(2) 


Substituting  Eq.  (2)  into  Eq.  (1)  gives 

*  *  > 

-  Q, 


m 


out 


'th 


or 


f  ^in 

Qt 


\ 


nth  1  "  Qh  *  ; 

l  H 

where  Qin  or  QR  and  QQut  or  QL  stand  for  the  total  heat 

transferred  from  the  reservoir  at  TR  to  the  engine  and  from 

the  engine  to  the  reservoir  at;  T^,  respectively.  All  the 

heat  added  to  the  working  fluid  during  the  cycle  is  added 
during  the  isothermal  expansion  1—2,  during  which  the 
temperature  of  the  working  fluid  is*TR  (or  lower  than  this 

by  only  an  infinitesimal  amount).  Applying  the  first  law 
to  the  system  during  the  reversible  isothermal  expansion 
1-2,  * 

Qr  =  U2  -  TJi  +  W 

For  an  ideal  gas,  internal  energy  is  a  function  of 
temperature  only;  therefore  A(J  ~  0  Tor  an,  isothermal 
process.  Also,  for  a  reversible  process  of  a  closed  system, 


W  = 


pdV 


QH  =  °  + 


p  dV 


Substituting  for  p  from  the  ideal-gas  equation  of  state,  and 
noting  that  m,  R,  and  T  are* const ant  for  this  process, 

V  2 


QH  =  0  + 


mRT 


By  the  same  reasoning. 


dV  =  mRT 

T 

5> 


2  K#r 

dV 


'i 


_ ,  =  mRTu  In  — 
V  H  V, 


Qt 


=  u3  -  U„  -  w  =  0  -J  pd1 


pdV  =>l-mRTLln  —  =  mRT^ln - 

•  V3  ,  .  •  *  V4 


^53 


Substituting ‘these  values  for  QR  and  QL'  into'  the  expression 
obtained  above  for  thermal  efficiency, 

* '  _  Ql  mRTLln(V3 /V4 )  TLln(V3 /V* ) 

n  1  ~  Qh  ~  1  mRTHln(V2/Vi )  1  THln(V2 /Vi ) 


For  the  reversible  adiabatic  processes  2-3  and  4-1  of  the 
ideal-gas  working  substance,  at  least  if  the  ratio  of 
specific  heats  is  constant,  ,  ,  *-  >  , 


V3 

v2 


i/Ck-i) 

!  'L  1 


a /(k-i ) 


and 


V.. 

V3 


Therefore  I  -  *  *  - 

t  •  . :  ■ 


J  .  « 


T  vl -  ^  J  X 


and 


1 

£V  J 


n 


^  V 


,.0 


T 


*  *  '  *  >  *•  >  .  (  *'  ’i  f  .  ►  *.•  ’  <• 

Note  that  the  tthermal -,ef  f iciency  of  a  Carnot  cycle  using  an 
ideal  gas  as  a  working  fluid  increases  as  the  ratio  of  T 
increases.  Writing  the  efficiency  expression  as  ^ 

ft  i  :  > 

¥ 

I  *  * 


n 


shows  that,  for  a  given  temperature  of  either  reservoir, 
the  efficiency  is  increased  by  increasing  the  temperature 
difference  between  the  reservoirs. 
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•  PROBLEM  8-17 


In  a  Carnot  engine,  using  0.05  kg  of  air  as  the  working 
fluid,  the  maximum  cycle  temperature  and  pressure  are 
940°K  and  8.4  MPa  respectively.  What  is  the  maximum 
cylinder  volume  if  the  minimum  temperature  during  the  cycle 
is  300°K  and  the  addition  of  heat  to  the  air  is  4.2  kJ ? 
Assume  ideal  gas  behavior. 


I  Piston 

»l  Displacement  U 


Solution :  From  the  accompanying  figure  note  that  the 

maximum  temperature  and  pressure  occur  at  state  1,  and  the 
maximum  volume  occurs  at  state  3.  Following  process  1-2-3, 
the  maximum  cylinder  volume  (V3)  can  easily  be  obtained. 
First , at  state  1 


0.05(0.287)040) 

8.4  x  103 

;  / \  / 

.  1.606  x  10~V  i 

:  /  "! 

Since  the  heat  added  to  the  air  is  known  we  can  write 


Q.n  =  PiV.ln 


4.2  =  8,400(1.606 x  10"  )  In 


1.606  x  10" 3 
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y» ^Solving  for  V2  obtain 

‘  V2  -  2.193  x  10_3m3 

Also  ‘  '  *  ’ 

^  *  .  r  .is. 

:  T  =  X  ■  •=  940°K 

2  max' 


t 


Since  process  2-3  is  reversible  and  adiabatic 


t 


or 


V3 

V2 


V3 


-  3 


2.193 x 10 

X 

3.811 x  10  ^m 


/MOV'0-'-0 

^300/ 


•  PROBLEM  8-18 


The  source  and  sink  temperatures  of  a  Carnot  steam  cycle  are 
316°C  and  16°C  respectively.  Assuming  the  internal  engine 
efficiency  of  the  turbine  to  be  80%  and  that  of.  the 
compressor  to  be  60%,  determine  the" thermal  efficiency  of 
the  cycle  and  the  ratio  of  turbine-  work  to  compressor  work. 


/r  \ 

Carnot  cycle  in  (a)  a  p-v  diagram,  (b)^a  T-s  diagram,  (c)  an  h-s  diagram. 
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Solution:  Referring  to  the  figure,  the  thermal  efficiency 

of  the  cycle  can  be  written  as 


(h2  -  h1 ,)  -  (h 3 ,  -  h4 ) 
nth  -  h  2  -  hi' 


(1) 


where  hx,  and  h3'  are  the  enthalpies  for  the  irreversible 
processes  at  states  1  and  3.  To  obtain  these  enthalpies, 
first  the  enthalpies  for  the  isentropic  processes  must  be 
evaluated.  j 


For  the  isentropic  turbine,  using  the  steam  table  obtain 

h2  =  2711.2  kJ/kg 

s 2  =  s 3  =  5.5714  kJ/kg-°K  ’’  | 

At  3,  s^  <  s3  <  3^.  Therefore,  the  quality  at  3  is 

s3  -  s. 


5.5714  -  0.2324 
8.5381 

■  0.625 

A  ■ 

-  (1-X3>  hfg 

=  2530.7  -  (l-0.625)(2465.3) 

=  1,606.2  kJ/kg  ,  . 

Since  the  internal  engine  efficiency  of  the  turbine  is  80%, 
the  actual  enthalpy  leaving  the  turbine  is 

h3,  =*h2  -  hint(h2  -  h 3 )  I 

i' 

=2711.2  -  0.8(2711.2  -  1606.2) 

=  1827.2  kJ/kg 

Similarly,  for  the  isentropic  compressor,  using  the  steam 
tables 

hi  =  1435.1  kJ/kg ... . 

s !  =  s 4  =  3.4043  kJ/kg-°K 
>1 

At  4,  Sf  <  s^  <  Sg .  Therefore,  the  quality  at  4  is 

s,  -  sf 


Hence 

h3 
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3.4043  -  0.2324 
...  8.5381 


*  »)' 


=  o*372~ 

>  '  r<  -r  ^ 

Hence 

' : .if  h-  =  hg  "  (1"x^)hfg 

=  2530.7  -  (l-0.372)(2465.3) 

Jt  =  982.5  kJ/kg 
v  * 

For  the  actual  enthalpy  after  compression 

*  r  n  » 

„  11  hj,  =  h4  +  —— —  (hi  -  hj  k 

nint 

"=  982.5  +  -~g  (1435.1  -  982.5) 
='1736.8  kJ/kg 

.  -if  .  - 

The  internal  work  done  by  the  turbine  is 

w^.  =  h  2  ~  ^  3  » 

:  *  _  ■«**  2711.2  -  1827.2 

=  884  kJ/kg 


The  internal  work  done  by  the  compressor  is 


j  =  1736.8  -  982.5 

=  754.3  kJ/kg 

#  l  4  t  ■■ 

The  work  ratio  is 


w. 


“■r 


884 


w  ’  754.3 
c 


=  1.17 


From  Eq.  (1),  the  thermal  efficiency  of  the  cycle  is 

r (2711 . 2  -  1736.8)  -  (1827.2  -  982.5) 
nth  “  2711.2  -  1736.8 


129.9 

974.4 

=  0.13 
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VAPOR  REFRIGERATION  CYCLES 


•  PROBLEM  8-19 


A  refrigeration  plant  is  to  operate  with  an  evaporator 
saturation  temperature  of  0°F  while  removing  10,000  Btu/hr 
from  a  cold  room.  The  condenser  is  to  be  cooled  by  water 
so  that  the  saturation  temperature  can  be  kept  at  76°F. 

The  refrigerant  is  ammonia. 

(a)  Assuming  the  plant  works  on  a  cycle  like  that  in  the 
f igure,  f ind  it s  coefficient  of  performance  and  compare  this 
with  the  coefficient  of  performance  for  a  Carnot 
refrigerating  machine  to  do  the  same  job. 

(b)  If  the  volumetric  efficiency  of  the  compressor  is 
70  percent,  how  much  piston  displacement  per  minute  will  be 
needed? 


Fig*  1  Vapor-compression  refrigerator  cycle. 


Solution :  (a)  Referring  to  the  figure,  on  a  basis  of  one 

pound  of  fluid  the  heat  transferred  in  the  evaporator  is 

qe  =  hx  -  h4  Btu/lb 

The  net  work  to  the  cycle  is  the  compressor  work,  given  by 

wc  =  h2  -  hi  Btu/lb 

The  enthalpy  values  are  obtained  from  the  ammonia  tables: 

h,  =  h  at  0°F  =  611.8  Btu/lb 
1  g 

h2  =  h  at  Sj  and  p2 

Sl  =  s  at  0°F  =  1.3352  Btu/lb°R 
1  g 

p2  -  saturation  pressure  at  76°F  =  143.0  psia 


^59 


h2  =  704.4  Btu/lb 

h3  =  hf  at  76°F  =  127.4  Btu/lb 


h„  =  h3  =  127.4  Btu/lb 


►  (CP)  = 

’  c 


hi  ~ A 


h2  -  h,- 


484.4 

92.6 


=  5.23 


For  a  Carnot  refrigerator 
*  ’  T 

•  i  t  * 


(CP)  * 


Tl  -  T; 


>  460 
76 


=  6.05 


(b)  The  piston  displacement  required  is  given  by 

j  *  ■■  * ' . 

WVj 

'  *  <PD>  =  — 

V 


where  w  is  the  refrigerant  flow  rate,  lb/min.  The  flow  rate 
is  found  from  the  time  rate  of  heat  flow  to  the  refrigerant, 
and  the  value  of  qe:  p 


S 


w 


— lOpOOQ/60  =  0.344  lb/min 


-  484.4 


v,  v  at  0°F  *  9.116  cu  ft/lb 

g  5  4 


(PD)  =  =  4.48  cu  ft/min 

A  refinement  sometimes  used  for' refrigeration  through  a  wide 
range  of  temperature  is  a  cascade  arrangement  in  which  the 
condenser  of  one  plant  is  the  evaporator  of  another,  so  the 
heat-pumping  process  takes  place  in  two  stages.  This  is  the 
reverse  of  the  binary  vapor  power  cycle  process. 


•  PROBLEM  8-20 


A  simple  compression  refrigeration  cycle,  as  shown  in  the 
figure,  is  operating  with  Freon-12  as  the  working  fluid 
under  the  following  given  conditions. 

f  h  *  .  -  •  * 

Pj  =  P4  »  100  kPa  P2  =  P3  -  1.20  MPa 

T2  -  80°C  T3  =  30°C 

State  Is  saturated  vapor. 

Determine  the  coefficient  of  performance  of  this 
refrigerator . 
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Solution :  The  coefficient  of  performance  ($)  for  a 
refrigeration  cycle  is  given  as  ^ 

•  ^ 


C.O.P. 


(1) 


?  >  . 


f 


i- 


To  calculate  3,  the  heat^transferred  to  the  evaporator  and 
the  work  input  to  the  compressor  must  be  calculated. 
Assuming  an  adiabatic  and  reversible  compressor,  from  the 
first  law  of  thermodynamics  .$  (.•  1  ; 


mjh!  -  m2h2  +  win/ 


or  on  a  unit  mass  basis 


^  r.jr 


l: 

i> 

k. 


-w 


c.  V. 


(2) 


From  the  Freon-12  tables,  at  state  1  (saturated  vapor) 
hx  =  h  «  174.076  kJ/kg  * 

and  at  state  2  (superheated  vapor)  -T. 

h2  =  230.398"  kJ/kg 

T 

Substituting  into  Eq.  (2)  obtain 

-  win  =  230*3^8  -  174.076 

v  ’  =  56.322  kJ/kg 

To  find  q^,  consider  the  evaporator  and  write  an  energy 
balance  for  the  control  volume. 

_*0 

Q„  tt  +  m„h4  =  n^hj  v 

C  •  V  m  ^  C  *  V  * 
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or  on  a  mass  basis 


q  T  =  -q  V-  hi  -  h4 

t,  - 

From  the  Freon-12  tables,  at  state  4  (saturated  liquid) 

h4  =  h3  =  hf  =  64.539  kJ/kg 

Substituting  into  Eq.  (3)  yields ^  v 

q.  =  174.076  -  64“.539 
m 

=  109.537  kJ/kg 

Substitution  in  Eq.  (1)  then  gives 

■  „  109.537  ,  :  ; 

3  =  56V322  =  1-945’  ■ 


•  PROBLEM  8-21 


The  working. pressure, of  the  evaporator,  in  the  vapor 
compression  ref rigerator 'shown  in  the  figure,  is  16  psia' 
with  Freon-12  as  the  working  fluid, leaving  the  evaporator 
at  -17.78°C  and  entering  the  compressor  at  -12.2°C.  The 
refrigerant  leaves  the  condenser  as  saturated  liquid  at 
21°C  and  enters  the  expansion  valve  at  20°C.  Heat  losses 
from  the  compressor  amount  to  1.8  Btu/lbm  while  the  work 
input  to  the  compressor  is  23  Btu/lbm.  If  10  tons  of 
refrigeration  are  produced  and  0.5  Btu/lbm  of  heat  are  lost 
in  the  piping  between  the  compressor  and  condenser,  compute 
the  heat  rejected  from  the  condenser  per  minute. 


Solution:  To  find  the  heat  rejected  from  the  condenser  per 
minute,  first  find  the  heat  rejected  from  the  condenser  per 
pound  of  mass,  using 

q„  =  h  7  -  h  i  '  j*  ( 1 ) 

n 

Then  find  the  heat  absorbed  in  the  evaporator  (the  v 
refrigeration)  per  pound  of  mass,  using 

qL  =  h4  ~  h3  (2) 

Since  we  know  that  10  tons  of  refrigeration  are  produced, 
we  can  find  the  mass  flow  rate  as 


10  tons x 12,000  Btu/hr 


After  all  this  information  has  been  obtained  we  can  find  the 
heat  rejected  from  the  condenser  per  minute  by  using 


Qh  =  *q„ 


(4) 


Fig.  2 

,  .  n 


The  numerical  solution  is  as  follows.  First  sketch  the 
cyclic  process  on  a  T-s  diagram  as  shown  in  Figure  2.  Then, 
referring  to  Figure  2, enter  the  Freon-12  tables  and  obtain 
the  various  properties  at  the  different  states. 

State  4:  P„  =16  lbf/in2,  T„  =  0°F  .j. 

! 

State  4  is  found  to  be  superheated  vapor,  hence 

h„  =  78.58  Btu/lbm  * ' 

State  5:  P5  =  16  lbf/in2,  Ts  =  10°F 
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State. 5  is  superheated  vapor,  hence 

h5  =  79.94  Btu/lbm  i 

State  6:  To  find  the  enthalpy  at  state  6,  note  that 
the  enthalpy  increase  due  to  compression  work  is 

Ah  =  h  6  -  h  5  =  q  -  w  '  r 

I.  „  L 

or 

h6  -  h5  =  -1.8  -  (-23) 

*  =  21.2  Btu/lbm 


Solving  for  h&,  obtain  _  , 

h6  =  21.2  +  79.94 
■  “S'  '  =  101.14  Btu/lbm 

■  i.x  V  ..  ..  ;  »■  *  •  ■» 

State  7:  To  find  the  enthalpy  of  the  fluid  entering 
the  condenser,  note  that  0.5  Btu/lbm  of  heat  are  lost  in 
the  piping  between  the  compressor  and  condenser. 


Therefore 

h7  =  h6  -  0.5 
^  =101.14-0.5 

’s.  : 

=  100.64  Btu/lbm 

State  8:  T8  =  70°F saturated  liquid 

♦  h8  =  hf  =  23.9  Btu/lbm 

State  1:  Ti  =  68°F,  saturated  liquid 

hi  =  23.43  Btu/lbm 

State  2,  3:  Throttling  process 

h3  =  h2  =  hx  =  23.43  Btu/lbm 

•  <*  ■  l 

Now  that  all  the  information  needed  has  been  obtained,  we  can 
solve  the  numerical  part  of  the  problem.  Substituting  into 
Eq .  (  1 ),  obtain 

-  qR  =  100.64-23.9  . 

.  .  =  '76. 74.  Btu/lbm 


From  Eq.  (2) 


r  ' 

qL  =  78.58  -  23.43 
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r 

=  55.2  Btu/lbm 

The  mass 

flowrate 

of  refrigerant  is,  from  Eq. 

(2), 

•  10  x  12000 

v.  55.2  .* 

'  ■  \  t 

\  =  2,173.91  lbm/hr 

•  "  * 

\  =36.3  lbm/min 

Finally , 

from  Eq. 

(3)  V  . 

qh  - 

! 

=  36.3  (76.74) 

-  . 

- 

=2785.6  Btu/min  , 

%  *  ' 

If  » 

.  1  «  ■' 

x  i  /  / 

*  '  } 

•  PROBLEM  8-22 

The  vapor  compression  refrigeration  system  shown  in  the 
figure  uses  Freon-12  as  its  working  fluid.  The  pressures 
before  and  after  the  compressor  are  28  lbf/in2  and 
130  lbf/in2,  respectively.  State  3  is  saturated  liquid  and 
there  is  20°F  of  subcooling  before  the  fluid  is  throttled. 

(a)  Determine  the  coefficient  of  performance  of  this  cycle, 

(b)  determine  the  coefficient  of  performance  of  the  cycle 

without  subcooling,  and  (c)  compute  the  increased 
refrigerating  effect  and  the  increased  work  of  the  cycle 
with  subcooling.  ' 


Solution :  The  accompanying  figure  shows  the  cycle 

representation  on  the  T-s  and  P-h  diagrams.  On  these 
diagrams  there  are  two  cycles  depicted.  Cycle  1-2-3-4-5-6, 
which  involves  subcooling,  and  cycle  1-2 ' -3-5 * -6 , which  is 
the  cycle  without  subcooling. 


.The  coefficient  of  performance  is  given  as 


(1) 


*  .  "  '  ■ 

(a)  In  order  to  find  the  C.O.P.  of  the.  refrigeration  cycle 
using  subcooling,  the  enthalpies  at  all  the  states  must 
first  be  calculated .  Begin  at -state  3  since  it  is  known 
that  we  have  saturated  liquid  at  P  =  130  lbf/in2.  Hence 

h3  =  hf  =  30.859  Btu/lbm 


The  saturated  temperature  of  the  liquid  at  state  6  is  99°F, 
hence  the  subcooled  temperature  at  state  4  is 


At  T„  =  79°F 


Tsub  ■  Tsat  -  20°F  ■  79°F 


( 


h4  »  hf  =  26.132  Btu/lb.u 
Process  4-5  is  a  throttling  process.  Hence 


/ 


h5  =  h„  -  26.132  Btu/lbm 


L 


At  the^exit  of  the  evaporator  the  fluid  is  saturated  vapor. 
Thus  at  P6  =»■  28  lbf/in2  < 

f  \  " 

*•  h6  -  h_  =  78.06  Btu/lbm 

D 


To  find  the- enthalpy  at  state  1,  write  an  energy  balance  for 
the  subcooling  heat  exchanger. 


mChj  -  h6 )  =  m(h  3  -  h4 ) 
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Solving  for  hi  gives 

hi  =  h 6  +  ( h 3  h  J 

•  >  ^  ■  i' 

=  78.06  +  (30. 859  -  26.132) 

=  82.787  Btu/lbm 

State  1  is  in  the  superheated  region.  From  the  superheat 
Freon-12  tables  i!  s  . 

J|j  .  •  -1  *  ■  ..  *  .  -  -k 

Si  =  0.17760  Btu/lbm-°R 

*  :  ■<  :• .  '  ' 

Assuming  the  processes  in  the  compressor  to  be  reversible, 
s 2  -  s !  =  0.17760  Btu/lbm-°R 

At  P2  =  130  lbf/in2  and  s 2> obtain  from  -the  Freon-12  tables 

h2  =  95.4  Btu/lbm 


Then 


♦■v'f 


and 


w  =  h  2  -  ;h  ! 

. '  ■'  k  ‘ 

=  95.4,-  82.78 

•h 

<#• 

=  12.62  Btu/lbm 


sr 


h6  -i  h  s 


‘in 


* 


=  78.06  -  26.13 

=  51.93  Btu/lbm 

>  t  *  » 

Substituting  into  Eq.  (1)  yields 

*-r 

P  =  -\-4  ii 

B  12.62  •  ’ 

(b)  For  the  cycle  without  subcobling 

h  5 1  =  h3  =  30.859  Btu/lbm 
s 2 i  =  s 6  =  0.16818  Btu/lbm-°R 


h 2  i  =  89.5  Btu/lbm 


Then 


v  . 


w  =  h  2  ,  -  ■  h  g 

c  ■  -  ,  J  s:  ■ 

-  89.5. S  78.06 

k  V 

iS 

=  11 . ii^Btu/lbm 


•jfi. 

.  ,'i  tit;' 


* 
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and 


q .  —  he  —  he. 

b  51 


=  78.06  -  30.859 
=  47.20  Btu/lbm 

*  *  '/<* lhv  -.1  t  ■  -*  *:* 

Substitution  into  Eq.  (1)  yields 

3  -  ^7 l ~4i4 

p  11.44 

.  "■  ^  v  ,  • 

(c)  The  increase  in  refrigeration  effect  is 


R.E.  =  qsub  2  Qst 


The  increase  in  work  is 


I.W.  = 


qst 

•h 

51.93  - 

47.2 

47. 

2 

10% 

w  L  - 
sub 

w  * 
st  v 

7  ■  st 

12.62  - 

11.4 

x  100 


x  100 


x  100 


=  10.87% 

t  *  ' 


'•  •  PROBLEM  8-23 


A  standard  vapor  compression  refrigeration  cycle  uses 
Freon-22  as  the  working  fluid  to  provide  3  tons  of  cooling 
capacity.  If  the  condenser  operates  at  140°F  and  the 
evaporator  operates  at  50°F, compute  (a)  the  mass  flow  rate 
of  the  Freon-22,  (b)  the  horsepower  required  for  the 
compressor,  and  (c)  the  heat  transferred  in  the  condenser. 
Assume  the  compression  process  to  be  reversible  and 
adiabatic . 


'468 


2j 


Solution:  Since  the  process  has  been  assume  to  be  reversible 

and  adiabatic,  it  will  also  be  isentropic.  Assuming  the 
throttling  process  to  be  adiabatic,  then  it  is  also 
isenthalpic  (constant  enthalpy).  Furthermore, assume  that 
the  condenser  and  evaporator  operate  at  constant  pressure. 
Then  this  cycle  can  be  plotted  on  a  P-h  diagram  as  shown  in 
Figure  1. 

The  values  of  the  various  properties  at  the  different  states 
shown  in  Figure  1  are  taken  from  the  P-h  diagram  for 
Freon-22,  as  shown  in  Figure  2.  The  procedure  is  as  follows. 
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Pressure-enthalpy  diagram  for  ''Freon"-22  refrigerant. 

% 
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At  state  3*  the  temperature  is  known  to  be  140°F,and  the 
state  is  saturated  vapor..  Therefore, from  Figure  2 


At  state  4 


=  P,  =  350  psia 


' . , :  \ 


P4  =  Pj  ,\  =  350  psia 

\ 

T  =  T  3 ,  =  140°F 


Hence 


ht,  =  52  Btu/lbm 

L 

At  state  1, since  process  1-4  is  isenthalpic 

_  v  hi  =  hi,  -  52  Btu/lbm 

At  state  2  the  temperature  is  known  to  be  50°C,  andi-the 
state  is  saturated  vapor.  Hence  from  Figure  2 


'.it  ,< 


i  i. 


P2  =: 100  psia 


h2  =  109  Btu/lbm 


■i  -;s,  =  0.218  Btu/lbm-°R 


State  3:  Process  2-3  is  an  isentropic  process  and  state  3, 
due  to  the  compression,  lies  in  the  superheated  region. 
Furthermore,  P 3  =  P3l  =  350  psia.  Hence  * 


V-, 


s,  —  s 


=  0.218  Btu/lbm-°R 


h2  =  109  Btu/lbm 


From  Figure  2 


h2  =  123  ^Btu/lbm 
T2  =  180°F  \ 


Now  that  the  values  of  the  various  properties  have  been 
obtained,  we  can  solve  the  problem. 


(a)  Consider  the  evaporator , and  write  an  energy  balance 
around1 it  to  find  the  heat  absorbed  by  the  Freon-22. 
Neglecting  potential  and  kinetic  energies, we  can  write 

:  *  -  qT  =  h 2  -  hi 


=  109  -  52 
=  57  Btu/lbm 

It  is  known,  however,  that  the  evaporator  is  to  absorb 
3  tons  or  36,000  Btu/hr.  Hence,  the  required  mass  flow  rate 
is 


4?0 


•1- 


_  36,000 
‘  57 

;  «  631.58  1 bra/hr  :  f 

(b)  Consider  the  compressor,  and  write  an  energy  balance 
around  it,  neglecting  potential  and  kinetic  energies. 

-w  =  h  3  -  h  2 

=  123  -  109  ' 

=  14  Btu/lbm 

or  w  =  -14  Btu/lbm 

The  total  work  production  is 

W  =  mw  ,  „  ).: 

;J  r 

=  631.58  (-14) 

=  -8842.12  Btu/hr 

However,  1  hp  =  2545  Btu/hr,  and  hence  the  compressor  will 
need 

p  -  =  3-48  hp  , 

(c)  The  heat  load  of  the  condenser  can  be  computed  in  two 
ways:  either  by  writing  an  energy  balance  around  it,  or  by 
writing  the  overall  energy  balance  around  the  refrigerator 
Here  the  second  way  is  used.  Hence 

1: 

w  =  qh  +  Ql 


Solving  for  Q„  gives 


qh  =  W  -  QL  • 

=  -8842.12  -  36,000 
=  -44842.12  Btu/hr 


, The  heat  transferred  per  unit  mass  is 

= 

.  .  qH*-  *  • 

,  „  -44842.12 

631.58 

'  =  71  Btu/lbm 
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•  PROBLEM  8-24 


The  vapor  compression  refrigeration  cycle  shown  in  the 
figure  uses  Freon-12  as  its  working  fluid,  and  operates 
under  the  following  given  conditions . 

Pi  =  p4  :=  p5.=  p6  =  308.6  kPa 

,  P2  =  P3  =1.2  MPa  • 

T 3  '=  30°C,  state  1  is  saturated  vapor 

Assuming  that  the  adiabatic  compressor 1 s  efficiency  is  80%, 
determine  the  compression  work  required  per  kj  of 
refrigeration. 


1  l  :f  ‘  i 


Solution :  This  problem  is  solved  by  computing  both  the  work 
input  to  the  compressor  and  the  heat  added  in  the  evaporator. 
First  consider  the  compressor  and  write  the  first  and  second 
laws  of  thermodynamics  for  .the  reversible  process. 


First  law: 

m  h  =  m,h,  +  w 

(1) 

a  a  <  .  .  ■  a- 2 

Second  law: 

s2  -  sa  .. 

(2) 

From  the  steam  tables, obtain  the  properties  at  the  different 
states.  \ 

State  1:  saturated  vapor  (given),  Pj  =  308.6  kPa 
h  *  hj  =  h  =  187.397  kJ/kg 

^  o 

s  =  s,  =  s  .=  0.6960  kJ/kg-°K 
a  1  g’- 


4?2 


State  2:  superheated  vapor  (P2  =  1.2  MPa,  s2  =  s^) 


h 2  =  211.52  kJ/kg  • 


Solving  for  ^  in  Eq.  (1), obtain 


comp 


=  h2  -  ha 

=  211.52  -  187.397 
=  24.123  kJ/kg 

f  ' 

However,  this  is  the  work  that  would  be  needed  if  the  process 
in  the  compressor  was  reversible.  Since  irreversibilities 
are  involved,  the  equation  involving  the  adiabatic 
compressor  efficiency  can  be  used. 


n 


w 


comp.  w( 


Solving  for  the  actual  work  per  unit  mass  gives 

w 

M 

comp 


a 

m 


w  / 

_  s/m 


n  x  n 


24.123 
”  0.80 

!; 

*  30.154  kJ/kg 


Now  consider  the  evaporator. «>  From  the  first  law,  get 

Qh  +  m5h5  =  mihi 


(3) 


or 


qh 

—  =  hi  -  h5 
m 


■■M 


(4) 


However 


h6  s  hi  =  187.397  kJ/kg 
h3  =  h4  s  h5  «  64.539  kJ/kg 


Substituting  into  Eq.  (4)  yields 

=  187.397  -  64.539 


ev.  !i 

=  122.858  kJ/kg 


4?3 


Hence 


W/m  =  30.15  =  Q  2454  , 

Q/ra  122.858  0,2454 

.*.  W  =  0.2454  kJ/kg  of  refrigeration. 


•  PROBLEM  8-25 


Freon-12  enters  the  compressor  of  a  refrigeration  power 
cycle  at  a  pressure  of  261  kPa  dry  saturated,  and  leaves  at 
961  kPa.  After  leaving  the  condenser,  the  fluid  is  then 
subcooled  to  20°C,  and  is  throttled  before  entering  the 
evaporator.  Sketch  the  P-h  and  T-s  diagrams  for  the  cycle, 
and  calculate  the  coefficient  of  performance  of  the 
refrigerator. 


Fig.  1.  Schematic  Representation. 

■ 


Solution:  The  coefficient  of  performance  of  a  refrigeration 

power  cycle  is  given  as 


8  =  C.O.P.  = 


where 


.tv 

=  h,  -  h5 


w .  =  h ,  -  h . 

in  2  1 


First  compute  the  enthalpies  at  states  1  and  2.  From  the 
Freon-12  tables  at  P  =261  kPa,  T  .  =  268.15°K, 

L  -  S  3.X 


.  4?4 


hl  =  h  *  185.38  kJ/kg 

o 


■  -Si  =  sg  =  0.6991  kJ/kg-°K 

f  ^  I 

At  state  2,  P2  =  961  kPa  and  s2  =  Sj .  -Hence  the  state  is 
superheated.  (s2  >4  )  J  \‘ 

g  '  t 

••  '  ■  **•*  j 

h  2  =  208.51  kJ/kg 

Next  find  the  enthalpy  at  state  5  as  follows. 

h  5  “  h4 


since  process  4-*5  is  a  throttling  process.  Then  for  a 
subcooled  liquid  *  -  fc.  ;  i  ' 


hsub  hsat  vf ^Psub  Psat  ^ 


Hence 


fcu  -  h 3  =  v3(P4  -P3) 


(4) 


From  the  Freon-12  tables  at  T  =  20°C 

•  r  i 

V.  -  P3  =  P  .  ■■=  567.3  kPa 

S  at 

At  P4  =  961  kPa  r>  . 

h3  =  •  h  ^  =74.59  kJ/kg 

1  '  '  .  * 

v3  =  vf  =  0.000789  m3/kg 

Substituting  into  Eq.  (4)  yields 

h 4  =  74.59  +  0.000789  (961-567.3) 

»  74.90  kJ/kg 

•  ’ t  L  r 

Thus  h5  “hi*  =  74.90  kJ/kg 

Substituting  Eqs.  (2)  and  (3)  into  Eq.  (1), 

hi  -  h  5 

6  =  hv-"hr 

•  '  _  185.38  -  74.90 

208.51  -  185.38 

*  -■  *  I  ■■ 

=  4.78 
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In  the  refrigeration  cycle  shown  in  Figure  1,  Freon-12  is 
used  as  the  working  fluid-  The  heat  exchanger  uses  the 
cold  vapor  leaving  the  evaporator  to  cool  the  liquid 
entering  the  expansion  valve.  The  working  temperature  of 
the  evaporator  is  -25°C , with , Freon-12  leaving  the  evaporator 
as  saturated  vapor  at  -25°C.  The  fluid  leaves  the  heat 
exchanger  at  20°C  and  is  compressed  in  the  compressor  to 
1.2  MPa.  Liquid  leaves  the  condenser  at  1.2  MPa,  45°C. 
Calculate  (a)  the  work,  input  to  the  compressor,  (b)  the  heat 
transfer  in  the  evaporator,  and  (c)  the  coefficient  of 
performance  of  the  cycle.  Assume  the  compression  process  to 
be  reversible  and  adiabatic. 
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Solution :  (a)  Assume  the  condenser,  the  evaporator,  and  the 

heat  exchanger  to  be  constant  pressure  devices.  Therefore, 
referring  to  Figures  1  and  2, 

^  .  .  .  PX  -  P2  -  Ps  , 

P3  -  P„  =  P5  =  1.2  MPa  “ 

Consider  a  control  volume  around  the  compressor.  From  the 
first  law  of  thermodynamics,  we  can  write  on  a  per  mass  oasis 
(neglecting  potential  and  kinetic  energies). 

q  +h?=h3+w  „ 

Hc. v.  2  31  c. v. . 

Since  the  process  is  adiabatic 

wc.v.  =  1,2  -  hs  (1) 

Next  find  the  enthalpies  at  states  2  and  3,  as  follows. 

State  1  is  saturated  vapor,  and  from  the  saturated1  Freon-12 
tables  at  -25°C  \ 

Pj  =  0.1237  MPa 

h-.  =  h  =  176.352  kJ/kg 
g 

.•!!■’'  * 

However, P2  =  Pi  and  T2  =  20°C.  From  the  Freon-12  tables 
we  see  that  state  2  lies  in  the  superheated  region. 

Hence  from  the  superheated  Freon-12  tables, by  interpolation 

h2  =  203.34  kJ/kg 
s 2  =  0.8134  kJ/kg-°K 

Since  the  process  has  been  assumed  reversible , s 3  =  s2.  From 
the  superheated  Freon-12  tables  at  s3  —  0.8134  kJ/kg-  K  and 
P3  =  1.2  MPa, 


477 


h  3  =  253.19  kJ/kg 


v  T3  =  110. 3°C 

'  » 

Substituting  into  Eq.  (1), obtain 

1  * 

v  w  ='203.34  253. 19 

c  •, 

\  j  p  =  "49. 85  kJ/kg  \ 

4  /  i  ( 

The  negac ive'sign  indicates  that  work  was  done  on  the  control 
volume  (compressor)...  _  . 

. 1 

(b)  Consider  a  control  volume  around  the  evaporator. 
Neglecting' potential  and- kinetic  energies,*  and  noting  that 
there  is  no  work  done  on  the  control  volume,  write 

qL  =  hi  -  h6  (2) 

The  enthalpy  at  state  1  is  known  from  part  (a)  to  be 

hi  =  176.352  kJ/kg 

To  find  the  enthalpy  at  state  6,  proceed  as  follows.  Consider 
a  control  volume  around  the  heat  exchanger . 

h,  -  h5  =  h2  -  hj  (3) 

,  1  *  * 

The  fluid  at  state  4  is  saturated  liquid.  From  the  , 

saturated  Freon-12  tables  at  T4  =  45°C, 

h4  =  hf  =  79.647  kJ/kg. 

Then  from  Eq.  (3),  solving  for  hs 

h5  =  h i*  -  h  2  +  hx 

=.79.647  -  203.34  +  176.352  , 

'  '=  52.64  kJ/kg  ' 

Process  5-6  is  a  throttling  process.  Hence 


h 6  =  h 5 „ =  52.64  kJ/kg 

Substituting  into  Eq.  (2),  obtain 
<  ■  1  -  . 

qT  =.176.352,-  52.64 

>  .  A  v  ;  j.  I  i  i 

=  123.71  kJ/kg 


(c)  The  coefficient  of  performance  of  the  cycle  is  defined 

as  .  ..  ■  ...» 
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•  PROBLEM  8-27 


123.71 
'  •  49.85 

=  2.48 


Compute  the  ratio  of  mass  flow  rate  through  the  power  loop 
to  that  through  the  refrigeration  loop  required  such  that 
the  turbine  will  produce  just  enough  power  to  drive  the 
compressor  in  the  ideal  dual-loop  cycle  shown  in  the  figure. 
Take  Freon-12  as  the  working  fluid  with  the  following  known 
conditions . 

State  1:  T  =  110°C,  saturated  vapor 
State  3:  T  =  50°Cf  saturated  liquid 
State  8:  T  =  -15°C,  saturated  vapor. 


i  ■> 


Solution:  Consider  a  control  volume  consisting  of  both  the 
compressor  and  the  turbine.  Since  the  turbine  must  produce 
just  enough  power  to  drive  the  compressor,  we  can  write 


^79 
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s 9  s'Sg  =  0.7046  kJ/kg-°K 


From  the  superheated  Freon-12  tables,  by  interpolation 

Ki 

T9  =  60.16°C  '•* 

h  9  =  214.61  kJ/kg  1  ■ 

At  the  'exit  of  the  turbine  -  £ 


P2  =  1.2193  MPa 
s 2  =  Sj  =  0.6064  kJ/kg-°K 

The  state  is  in  the  mixture  region.  -From  the  saturated 
Freon-12  tables  i 


sf  =  0.3034  kJ/kg-°K 
sfg  =  0.3758  kJ/kg-°K 


The  quality  at  state  2  is  found  as 


s2  -  s. 


X2 


’fg 

0.6064  -  0.3034 
0.3758 

=  0.8063  i; 

.  _  ■  -•  -i*.  *  '■ 

Then  \he  enthalpy  at  state  2  can  be  found  as 

f  *  fg 


■t* 


=  84.868  +  0.8063(121.430) 

=  182.78  kJ/kg. 

Substituting  the  numerical  values  into  Eq.  (2),  obtain 

214.61  -  180.85 
196.48  -  182.78  - 

h.  *. 

2.4642 

*  •  PROBLEM  8-28 

The  two-stage  cascade  refrigeration  unit  shown  in  Figure  1  I 
is  used  to  maintain  a. room, at  a  temperature  of  -160°F.  | 

Freon-503  is  used  in  the  low  temperature  cycle  (cycle  II)  I 

and  Freon-22  is  used  in  the  high  temperature  cycle  ■ 
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(cycle  I).  The  working -temperatures  of  the  evaporator  and 
condenser  are  -180°F  and  100°F , respectively .  The 
temperature  at* the  entrance  of  the  expansion  valve  in 
cycle  II  is  -30°F  and  the  temperature  at  the  exit  of  the 
expansion  valve  in  cycle  I  is  -50°F.  Assuming  the  processes 
in  the  compressors  to  be  reversible  and  adiabatic , compute 
the  compressor  horsepower  for  both  cycles  if  the  refrigerator 
absorbs  28,000  Btu/hr  from  the  room. 


Fig.  1 


Water 


if- 


Solution :  First  consider  the  low. temperature  cycle 

(cycle  II),  and  plot  the  cycle  on  a  P-h  diagram  as  shown  in 
Figure  2.  Referring  to  Figure  2  ,and  using  Figure  4  obtain 


State  4:  T„  =  -30°F,  saturated  liquid 
P4  =  150  psia  “ 
h  4  =  3  Btu/lbm 

State  2:  T2  =  -180°F,  saturated  vapor 
P2  =  2.1  psia  .  , 


h2  =  48  Btu/lbm 


I 


s 2  =  0.198  Btu/lbm-°R 
State  1:  =  hh  =  3  Btu/lbm1’ 

St  at  e  3.  S3  **  s  2 ,  P3  —  P4 
h  3  =  88  Btu/lbm 
T3  =  110°F  r 

The  heat  absorbed  in  the  evaporator  per  lbm  of  refrigerant 
•  is 

<•  \  ' 

y  '  \  * 

q^  ~  h2  -  h'x 

=48,-  3 1 
=  45  Btu/lbm 

Since  28,000  Btu/hr  are  absorbed  from  the  room,  the  mass  flow 
irate  of  refrigerant  in  cycle  II  is 

.  *L 
A  =  — 

-  L  s  ■ 

28,000 

....  -  ,  1 

•  *  '  =  622  Ibm/hr  & 

The  work  done  by  the  compressor  per  lbm  of  refrigerant  is 

-w  =  h  3  -  h  2 
c 

=  88-48 
=  40  Btu/lbm 


The  total  load  is 


-W 


m(-w  ) 
c 


=  622(40) 

V=  24,880  Btu/hr 
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or 


-W 


c 


24,880 

2545 


=  9.8  hp 


Enthalpy  (Btu  perlbm  above  saturated 
liquid  at  — 40"F) 


Fig.  4  Pressure-enthalpy  diagram  for  "Freon"  refrigerant. 


To  find  the  heat  rejected  in  the  low-temperature  condenser  , 
proceed  as  follows  . 

-qH  =  h3  -  h, 

=  88-3 

=  85  Btu/lbm 

and 

-Qh  =  m(-qH) 

=  622(85) 

=  52,870  Btu/hr 
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Now  consider  the  high-temperature  cycle  (cycle  I)  using 
Freon-22.  Plotting  the  P-h  diagramias  shown  in  Figure  3  and 
using  Figure  4, obtain  - 

State  8:  T  100°F 

' 6  ’•! 

^  '  P8  <=  '220  psia 

<•  ^  ?! 

h  8  >'=  -39  3tu/ lbm 


State  6:  *  "  Te  “  -50°F 

p6  =  14  psia 

•-  ■*  ,  t  i  ■  ■' 

s  =  0.243  Btu/ lbm- 0 R 

,•  ...  .  ..  . i? ' i  ' . . 

...  ‘  -^90;.  Btu;/ lbm  i  >*.  ~  , 

’  -  /  *■ 


A 


State  5:  Ts  '  -150°F‘ 

p.  =  14  psia 

5  Hi 

hs  =  39  Btu/lbm 


State  7:  P7  =  220  psia 

-  s7  =  ss  :=  6.243  Btu/ lbm- °R 
h_  =  133  Btu/lbm 
T?  =  200 F 


In  this  cycle,  however,  the  total  heat  absorbed  in  the  high 
temperature  evaporator  equals  the  heat  discharged  by  the 
low-temperature  condenser .which  was  found  to  J>2.870 
Btu/hr .  Therefore, the  mass  flow  rate  of  refrigerant  in  t 
Freon-22  cycle  is 


Qt 


ih  = 


-  52,870 
99  -  39 

=  881  lbm/hr 


The  work  for  the  high  temperature  Jcycle  is 

-w  =  h  7  -  h  6 
c 

=  133-99 
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1  *■' -  ~  '  =  34  Btu/lbm  **." 

x  Hr  ,  ”>  :i  •»  *  '  .X"  •  .*$• 

and  ,  ,  v  ...  ,  ^ 

-itl  =  -w  m  ' 

c  c 

-  =  34(881) 

^  1  ■  *-«  29,954  Btu/hr 

or 

W  =  29 ,954  •  .  . 

c  2545 

*-  -  , 

=  11.8  hp. 

The  total  power  needed  to  drive  both  compressors  in  the 
21S6ehp1S  the  SUm  °f  the  W°rkS  fr°m  b°th  cy°les»  which  is 


i 


*  r 


•id 

<•  ^ 
i  *  ■ 


-.&*  «  l'-  ,  . 

■  ”  t  i  ,i  *  *t  i 

t  i  - 


K 


>-*  ■  * 
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CHAPTER  9 


AIR-STANDARD  POWER  AND 
REFRIGERATION  CYCLES 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  487  to 
604  for  step-by-step  solutions  to  problems. 


Many  engines  use  a  working  fluid  that  is  a  gas  throughout  the  cycle.  These 
include  internal  combustion  engines  and  gas  turbines,  and  there  is  a  change  in 
composition  of  the  working  fluid  from  the  combustion  of  fuel  and  air  to  products 
of  combustion.  The  working  fluid  does  not  go  through  a  complete  thermody¬ 
namic  cycle  even  though  the  engine  operates  on  a  mechanical  cycle,  and  it  is  said 
that  these  engines  operate  on  an  open  cycle  as  compared  to  the  closed  cycle  of  a 
steam  power  plant  using  a  version  of  the  Rankine  cycle. 

Air-Standard  Cycles 

In  order  to  analyze  these  open  cycles,  an  air-standard  cycle  was  devised,  as 
shown  in  Figure  9-1,  and  it  uses  the  following  assumptions  and  restrictions.  A 
fixed  amount  of  air  as  an  ideal  gas  with  constant  fluid  properties  is  the  working 
fluid.  There  is  no  inlet  or  outlet,  and  an  amount  of  heat  is  transferred  from  an 
external  source  that  would  be  equivalent  to  heat  generated  by  combustion  in  an 
actual  cycle.  The  cycle  is  completed  by  heat  being  transferred  to  the  surround¬ 
ings,  and  all  of  the  steps  are  reversible.  Also,  work  for  one  cycle  is  found  as  the 
product  of  the  mean  effective  pressure  in  the  cylinder  and  the  displacement 
volume.  The  mean  effective  pressure  is  the  actual  work  done  by  the  piston 
divided  by  the  displacement  volume.  It  is  an  average  pressure  action  on  the 
piston  during  the  entire  power  stroke. 

Carnot  Cycle 

The  air-standard  Carnot  cycle  is  composed  of  four  reversible  steps  as  shown 
in  Figure  9-1 :  isothermal  heat  addition  at  T„  (1  to  2),  isentropic  expansion  (2  to 
3),  isothermal  heat  rejection  at  TL  (3  to  4),  and  isentropic  compression  (4  to  1) 
executed  in  a  closed  system  (a  piston  cylinder  device).  The  Carnot  cycle  is  the 
most  efficient  cycle  that  can  operate  between  a  thermal  energy  source  at  TH  and  sink 
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1  < - 4  A -  3 


*  Figure  9-1.  Diagram  of  the  Air-Standard  Carnot  Cycle. 

at  Tl,  and  its  thermal  efficiency  is: 

*1  Carnot  =  1  —  +  (1) 

This  equation  shows  that, the  thermal  efficiency  increases  with  increased  tem¬ 
perature,  Th,  of  the  thermal  energy  source  or  with  a  decrease  in  temperature,  Th 
of  the  thermal  energy  sink.  ^  \ 

For  the  addition  of  heat,  QHf  from  1  to  2  in  Figure  9-1,  TH  =  Tx  =  J2;  the  first 
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(2) 


law  for  a  closed  system  for  the  step  is: 


Qh-W 

because  At/  =  Cv  AT  =  0.  To  compute  P2  and  V2  from  P,  and  Vu  the  following 
equation  is  used  for  an  isothermal  process: 

Qh-W-  RTh  In^j  -  RTh  ln^j  (3) 

since  P,/P2  -  V2/Vi  from  the  ideal  gas  law.  Also,  the  change  in  entropy  is  given 
by  the  following  equation: 

S2  =  sl  +  QH/T„  (4) 


For  the  isentropic  expansion  from  P2  to  P2,  S2  =  S2;  T,  is  computed  by  the  fol- 
lowing  equation: 


ii.il 


(*-!)/* 


and  the  ideal  gas  law  is  used  to  evaluate  V3,  i.e. 
V3  =  RT3IP3 


(5) 

(6) 


The  same  equations  used  for  heat  addition  are  applicable  for  the  isothermal 
discharge  of  heat  QL  at  Th  =  T3  =  7V  Eqs.  (3),  (4)  and  the  ideal  gas  law  are  used 
to  compute  P4,  V4,  and  S4.  Also,  Eqs.  (5)  and  (6)  used  for  the  isentropic  compres¬ 
sion  from  point  4  to  point  1  are  used  to  evaluate  the  variables  from  point  2  to 
point  3. 


Otto  Cycle 

The  air-standard  Otto  cycle  is  the  ideal  cycle  that  represents  spark-ignition 
internal  combustion  engines.  The  P-V  and  T-S  diagrams  are  shown  in  Figure  9—2. 
The  piston  begins  at  bottom-dead-center  at  point  1,  and  the  air  is  compressed 
adiabatically  and  isentropically  to  point  2.  Then  heat  QH  is  added  at  constant  vol¬ 
ume  from  point  2  to  3,  and  this  corresponds  to  the  combustion  of  the  fuel  in  the 
cylinder.  Following  this,  air  undergoes  an  adiabatic  and  isentropic  expansion 
from  point  3  to  4,  and  then  heat  QL  is  discharged  at  constant  volume  from  point  4 

to  1. 

Knowing  the  conditions  at  point  1,  Pi,  VuTuUh  Si,  the  conditions  at  point  2 
for  the  isentropic  compression  to  P2  are  computed  using  the  following  equations, 
since  Q  =  0  and  A  U  =  —  W  with  S  \  =  S2 : 


R 

Ti 


(7) 


V2  -  RT2!P2 
f/2=t/!+Cv  (T2-Tj) 
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(8) 

(9) 


-  0 


Figure  9-2.  Diagrams  for  Pressure- Volume  and  Temperature-Entropy 
'  *  1  of  the  Air-Standard  Otto  Cycle.  r  T 


W  =  -^L 


111 


(k-1) 

III 

*  . 


i-|£ 


(k-l)/k 


vii  i 


*.  r.4 


(10) 


'  For  the  constant  volume  heat  addition  from  point  2  to  3,  the  conditions  at 
point  3  are  computed  for  specified  QH  =  AC/  with  W  =  0,  and  V2  =  V3  using  the 
following  equations:  y  r ;  ,  j,  ,  *  . 


O 


1  T3  =  T2*+QhICv  .3  * 

p3  =  rt3/v 3 

C/3  =  C/2  +  AC/  =  C/2  +  QH 


I  r  ^  ■  I 


(H) 
(12) 

/  ■  i  .  03) 

■S3  =  52  +  Cp  ln(r3/T2)  -  /?  ln(P3/P2)  ■  "*  (14) 

*  Eqs.  (7)  through  (10)  for  the  isentropic  compression  are  used  for  the  isen- 
tropic  expansion  from  point  3  to  4.  Eqs.  (11)  through  (14)  for  the  constant 
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volume  heat  addition  are  used  for  the  constant  volume  heat  rejection  from  point  4 
to  1. 

The  thermal  efficiency  for  this  cycle  is  given  by  the  following  equation: 

Qh  -Ql_  =  1  (r4  zhl  (15) 

Qh  (t3-t2) 

Also,  the  compression  ratio  (3)  is  given  by: 


which  can  be  combined  with  Eq.  (15)  to  give  an  equation  relating  the  efficiency 
with  the  compression  ratio,  i.e., 

r)  =  1-1/r*-'  (17) 

and  the  efficiency,  r\,  increases  with  increasing  compression  ratio,  r.  Also,  the  mean 
effective  pressure,  MEP,  is  given  by  ( QH  -  Ql)I(V2  -  V\). 

Some  of  the  deviations  by  actual  spark-ignition  engines  from  the  ideal  cycle 
include  heat  transfer  between  the  gas  and  the  cylinder  walls  and  varying  gas 
composition  and  thermodynamic  properties.  Also,  lost  work  in  gas  inlet  and 
exhaust  are  other  irreversibilities  associated  with  the  cycle. 

Diesel  Cycle 

The  air-standard  Diesel  cycle  is  the  ideal  cycle  that  represents  the  Diesel  en¬ 
gine.  The  P-V  and  T-S  diagram  are  shown  in  Figure  9-3  for  this  cycle.  The  piston 
begins  at  bottom-dead-center  at  point  1,  and  the  air  is  compressed  adiabatically 
and  isentropically  to  point  2.  Then  heat  QH  is  added  at  constant  pressure  from  point 
3  to  4,  and  this  corresponds  to  combustion  of  the  fuel.  This  is  followed  by  air 
undergoing  an  adiabatic  and  isentropic  expansion  from  point  3  to  4.  Then  heat  Q{j 
is  discharged  at  constant  volume  from  point  4  to  1. 

Knowing  the  conditions  at  point  1  and  the  pressure  at  point  2,  Eqs.  (7) 
through  (10)  are  used  to  compute  the  conditions  at  point  2  for  the  isentropic 
compression. 

The  Diesel  cycle  and  the  Otto  cycle  differ  from  points  2  to  3  where  QH  is 
added  at  constant  pressure  in  the  Diesel  cycle,  rather  than  at  constant  volume  in 
the  Otto  cycle.  To  evaluate  conditions  at  point  3  from  point  2  specifying  QH,  the 
first  law  of  thermodynamics  for  a  closed  system  is  A U  =  Q  -  W;  for  constant 
pressure  AU~Q- PAV.  This  gives  Q  =  AH,  and  the  following  equations  are  used 
to  compute  the  conditions  at  point  3  where  P3  =  P2  ar,d  AH  ~  Qh- 


T3  =  T2  +  AHICp 

(18) 

V3  =  RT3/P3 

(19) 

s3  =  s2+ah/t3 

(20) 
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f  Figure  9-3.  Diagrams  for  Pressure-Volume  and  Temperature-Entropy 
for  the  Air-Standard  Diesel  Cycle. .. 

.«  ■:  Z  .-t’  0  b  "V  : 

:-,i  From  point  3  to  4 .there  is  an  isentropic  expansion,  and  the. relations  used  to 
evaluate  the  conditions  at  point  4  are  Eqs.  (7)  through  (10).  Also,  Eqs.  (11) 
through  (14)  are  used  to  confirm  the  conditions  at  point  1  from  point  4  for  the 
constant  volume  heat  addition  ofQL.*'9*  “  '  “  1 

'  J  .  •  ...  “•  ■  4J  ...  V  .  t  ’  •  ■  •*  '•*.  4 

The  net  work  for  the  cycle  is  given  by  Wnel  ~  QH  —  QL)  and  the  efficiency  q  = 
WneJQH •  Also  the  mean  effective  pressure  is  Wnet!(V2-Vx)  for  the  cycle. 

* '  ...  v  .  r  "I-*  \  r>  ■  y  ’ . :  "  *  .  t  .  ». 

Brayton  Cycle  * 

The  air-standard  Brayton  cycle  is  the  ideal  cycle  for  the  simple  gas  turbine. 
The  P-V  and  T-S  diagrams  are  shown  in  Figure  9-4  for  this  cycle.  Starting  at 
point  1  the  air  is  compressed  in  an  isentropic  compressor  to  point  2.  Then  heat 
Qh  is  added  at  constant  pressure  from  point  2  to  3.  This  is  followed  by  an 


487  -F 


Figure  9-4.  Diagrams  for  Pressure-Volume  and  Temperature-Entropy 
for  the  Air-Standard  Brayton  Cycle. 


i 


7 


isentropic  expansion  through  a  turbine  from  . point  3  to  4,  and 
tion  Ql  from  point  4  to  1. 


there  is  heat  rejec- 

4 


Starting  with  the  conditions  known  at  point  1  along  with  the  pressure  at  point 
2,  P2,  Eqs.  (7)  through  (10)  are  used  to  compute  the  other  conditions  at  point  2 
for  the  isentropic  compression.  Then  Eqs.  (18)  through  (20)  are  used  to  compute 
the  values  of  the  variables  at  point  3  for  the  constant  pressure  heat  addition  Q„. 
Also,  Eqs.  (7)  through  (10)  are  used  for  the  isentropic  expansion  from  point  3  to 
4,  and  Eqs.  (18)  through  (20)  are  used  for  the  constant  pressure  heat  rejection  QL 

from  point  4  to  1 .  -  ^ 

If  efficiencies  r\comp  and  Y)lurb  for  the  compressor  and  turbine  are  known,  then 
the  following  equations  are  used  to  compute  the  enthalpies  at  points  2  and  4,  H2 
and  Ha. 
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(21) 


comp 


^1  turb  = 


H2.reV~H\ 

^3  ~  ^4, rev 


(22) 


To  use  Eqs.  (21)  and  (22)  to  evaluate  H2  and  H4,  it  is  necessary  to  compute 
ft 2,rev and  H4>rev,  which  are  evaluated  from  the  isentropic  expansion  using: 

^2,rev  ~  +  Cp(T2trev  ~  7*])  (23) 

^4, rev  =  3  +  Cp(JAtrev-  ^3)  (24) 

where  T2rev  and  T4>rev  are  computed  by  Eq.  (7)  knowing  Tu  Pj  and  P2  or  T3,  P3 
and  P4  as  specified  temperatures  and  pressures  for  inlets  and  pressure  for  the 
exhausts  of  the  compressor  and  turbine.  Then  having  computed  H2  and  H4  from 
Eqs.  (21)  and  (22),  temperature  T2  and  T4  are  evaluated  using  the  following  equa¬ 
tions: 


T2  =  Ti  +  (H2-Hl)/CP  (25) 

and 

T4  =  T3  +  (Ha  -  H3)/Cp  (26) 

The  values  of  the  specific  volume  are  computed  using  the  ideal  gas  law,  Eq. 
(8);  and  the  values  of  the  entropy  are  computed  by  Eq.  (14)  for  the  isentropic 
compression  and  expansion.  Also,  the  net  work  is: 

=  ^turb~  ^comp  ~  ~  (^4  —  7/3)  +  (H2  —  /fj)  (27) 

which  is  the  difference  in  enthalpy  for  the  turbine  and  for  the  compressor  from 
the  first  law  for  a  steady  state  flow  system,  A H  =  -Ws.  Also,  the  efficiency  for  the 
cycle  is  q  =  WnJQH. 


Jet  Propulsion 

The  air-standard  cycle  for  jet  propulsion  has  the  same  temperature-entropy 
diagram  as  that  for  the  gas  turbine  cycle.  Figure  9-4,  and  the  cycle  is  designed  so 
the  work  done  by  the  turbine  is  equal  to  that  required  to  drive  the  compressor. 
Thus,  the  exhaust  pressure  of  the  turbine  will  be  above  the  surroundings;  the 
high-pressure  gas  is  sent  to  a  converging-diverging  nozzle  which  converts  it  into 
a  high-velocity  stream  exiting  the  nozzle  at  the  pressure  of  the  surroundings.  This 
high-velocity  gas  provides  thrust  for  the  aircraft. 

Starting  at  point  1  of  Figure  9-4,  there  is  an  isentropic  compression  to  point  2 
consuming  work,  Wi  COmp.  This  is  followed  by  constant  pressure  heat  addition  QH 
from  point  2  to  3.  Then  the  isentropic  expansion  through  the  turbine  produces 
work,  Wsturh>  required  to  drive  the  compressor.  Consequently,  P4  is  computed  to 
satisfy  this  requirement  ( Ws>comp  =  Ws>turb)  by  the  following  equation  using  the  first 
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Figure  9-5.  Diagrams  for  the  Air-Standard  Refrigeration  Cycle, 
law  of  thermodynamics  for  a  steady-state  flow  system  with  A Hc  =  —  Ws  comp  an^ 

=  ^S,turb  •  ,  «|.: ,  ;  „ 

T^T3  +  AHc/Cp  .  rO  -  fl!  (28) 

and  P4  is  computed  by  the  following  equation  for  the  isentropic  expansion  through 
the  turbine: 
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For  an  isentropic  expansion  through  a  converging-diverging  nozzle,  the  first 
law  of  thermodynamics  is  used,  where  AH  =  «2/ 2,  with  no  potential  energy  change 
and  shaft  work  to  give: 

w  =  [2Cp(r4-r5)p  (30) 


where  Ts  is  computed  using  the  following  equation,  knowing  the  pressure  of  the 
surroundings,  P5: 


t5  =  t4 


A 


(*-!)/* 


(31) 


Then  if  the  mass  flow  rate  is  known,  the  thrust  produced  by  the  engine  can  be 
computed. 


Refrigeration  Cycle 

The  air-standard  refrigeration  cycle  is  used  for  the  liquification  of  air  and 
other  gases,  and  it  is  essentially  the  reverse  of  the  Brayton  cycle.  A  diagram  of 
this  cycle  is  shown  in  Figure  9-5.  In  this  cycle  the  temperature  7*,  is  below  ambi¬ 
ent  as  the  air  enters  the  compressor  going  from  point  1  to  2.  Then  heat  QH  is  re¬ 
jected  in  a  constant  pressure  heat  exchanger  from  point  2  to  3.  This  is  followed 
by  an  isentropic  expansion  from  point  3  to  4,  and  absorption  of  heat  from  the 
surroundings  QL  from  1  to  4  as  shown  in  the  diagram. 

Knowing  the  conditions  at  point  1  and  the  pressure  at  point  2,  P2,  Eqs.  (7) 
through  (10)  are  used  to  determine  the  other  variables  at  point  2  for  the  isentropic 
compression.  For  the  constant  pressure  heat  removal  QH ,  Eqs.  (18)  through  (20) 
are  used  to  determine  the  conditions  at  point  3  from  those  at  point  2.  Then  for  the 
isentropic  expansion  from  point  3  to  4,  Eqs.  (7)  through  (10)  are  applicable  to 
compute  the  values  of  the  variables  at  point  4,  having  P4  specified.  Finally,  Eqs. 
(18)  through  (20)  are  used  for  constant  heat  removal  QL  to  confirm  the  values  at 
point  1  from  those  at  point  4. 

This  refrigeration  cycle’s  coefficient  of  performance  is  given  by  the  follow¬ 
ing  equation: 

P  =  QLWs,net  (32) 

where  WS!„el  is  the  difference  work  added  by  the  compressor  and  the  work  done 
by  the  expander. 

In  summary,  equations  and  computational  procedure  have  been  given  to  ana¬ 
lyze  and  design  several  air-standard  power  and  refrigeration  cycles.  Also,  proce¬ 
dures  were  given  to  extend  the  analysis  to  actual  cycles. 


Step-by-Step  Solutions  to  f 
Problems  in  this  Chapter, 

“Air  Standard  Power  and 
Refrigeration  Cycles” 

-i.  •  •*-  -  ■ 

i  •  :  .  »*•«  &■-.  “  -i. 

AIR  -  STANDARD  CYCLES  ,  „ 

’  ,  ■  „  i  ■  .  „  .  .■  l[ 

* 

•  PROBLEM  9-1 

A  certain  air  cycle  is  designed  such  that  air  is  first  heated 
at  a  constant  volume  until  its  pressure  is  twice  the  initial 
value.  The  air  is  then  heated  at  constant  pressure  until  its 
volume  is  doubled.  The  cycle  is  completed  by  cooling  first 
at  constant  volume  and  then  at  constant  pressure.  If,  for 

air,  k  «  |  (where  k  =  C  /C  ),  calculate  the  thermal  efficiency 
5  p  v  * 

of  the  cycle. 


■  > 

Solution:  The  cycle  is  represented  on  the  P-v  diagram  as 

shown  in  the  figure.  .  -  ■  ■ 

Process  1-2  is  the  constant  volume  heat  addition  process. 
Process  2-3  is  the  constant  pressure  heat  addition  process. 
Process  3-4  is  the  constant  volume . cooling  process  and 
Process  4-1  is  the  constant  pressure  cooling  process. 


The  thermal  efficiency  of  the  cycle  is 


'th 


VQr  , 


(1) 


where 


Qg  =  heat  supplied 
Qr  =  heat  rejected 


Qg  and  Qr  are 


%  cv(T2-t^\+  Cp(T3-T2)  . 

*  ■  4-  *  " 

Q  =  C  (T3-T4)  +  C d(T4-T1) 


(2) 

(3) 


where"’"  *C"~and  C  ~-are  specif  ic' heats  at  'constant”volume 
v  p 

and  constant  pressure,  respectively. 


Process  1-2  is  at  constant  volume.  Hence  from  the  ideal  gas 
relations. 


or 


,  «  ,r  ■ 

*  i  i  k  j 


■  $  Yv 

« 


Pi 

tT 


Pa 

tT 


t 

\  / 

but,  given' P2,y=*2P1  •  '  ■  -  “=  / 

therefore, 

T2  =  2T i 

Process  2-3  is  at  constant  pressure. 


(4) 


Hence 


or 


but,  v3  =  2v2. 
Therefore , 


v2  v  3 

_ Tl."  Tl  _ 

Ts  ■ 


T3  =  2T ■ 


=  4Ti 

'}  '*?.  i  ’  is',-  I 

Process  4-1  is  at  constant  pressure. 
Hence,  4 


Vi 

tT 


v4 

Tt* 


(5) 
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V4 

but,  =  2. 

vi 

Therefore , 


T„  =>  T i  i  -r* 


T4  =  2TX 


Substituting  equations  (4),  (5)  and  (6)  into  equations  (2) 
and  (3),  '  ~  ^  *  * : 


Qs  =  Cv(2Ta-Tx)  +  C  (4TJ-2T!) 


=  C  Tx  +  C  <2TX) 
v  p 

Q  =  Ti (C  '+  2C  ) 

1  v  p 


=  Cv<4T1-2T1)  + 


=  TiC2Cv  +  C  ) 

i  k  J 


Substituting  the  values  into  equation  (1), 

.  .  “i 

Ti(Cp  +  2CV) 

71  th  "  X~  TX(2C  +  CT) 


=  1  - 


k  +  2 
2k  +  1 


7 

Substituting  k  =  -g 


nth  1 


*©*  ^ 


17  =  A 


“  \  -  19  19 


•  PROBLEM  9-2 

In  an  air-standard  cycle,  air  at  70°F  and  14.7  psia  is 
initially  heated  at  constant  volume  till  the  pressure  is 
30  psia,  and  then  heated  at  constant  pressure  till  the 
temperature  is  1600°F.  The  cycle  is  completed  by  first 
expanding  isentropically  to  14.7  psia  and  then  cooling 
at  constant  pressure.  Determine  the  thermal  efficiency  of 
the  cycle. 
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Solution:  Referring  to  the  figure,  'processes  1-2  and  2-3 

are  heat  addition  processes,  and  process  4-1  is  the  heat 
rejection  process.  r  / 

Given,  state  1: 

T,  =  70°F  >  , 

* 

=  530°R 

i  *  ,7 

Pj  =  14.7  psia 

7  '  :r  ► 

Since  the  process  1-2  is  a  constant  volume  process, 


f 


and  hence. 


Therefore, 


state  2: 


State  3  is  given  as 


=  V1082°R 


T2  =  1082°R 

-  •.  ..  t 

P2  88  30  psia 


T3  =  2060°R 

p3  =  P2  =  30  psia 

.  <  .  V 

Consider  the' isentropic  expansion  process  3-4. 
The  temperature  at  state  4  is  given  by 

j  •*  v 
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=  2060 


m 


1680°R: 


Therefore,  state  4: 


f  '  T4  » -1680°R 

=  14.7  psia 


The  heat  added  during  the  cycle  is 

qA  =  CV(T*-Ti)  +  Cp(T,-T,) 


=  0.171(1082-530)  +  0.24(2060-1082) 
•=  329  Btu/lbm 


The  heat  rejected  during  the  cycle  is 


qR  =  Cp(T.-Tx) 

a  i  0.24(1680-530) 
R  [ 

i- 

=  276  Btu/lbm ■  - 


The  thermal  efficiency  of  the  cycle  is  defined  as 
V,  .  •  qA-qK 


1  ,  i  th.  .  -  qA  it 


=  1  t  •— 
qA 


=  1  - 


=  0.16 


qth  “  16% 
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THE  CARNOT  CYCLE 

.I- 

V  -  ■  ■ 

J  •  PROBLEM  9-3 

* _ V 

Temperature,  pressure  and  volume  of  air  at  the  end  of 
isentropic  compression  in  an  air  standard  Carnot  heat  engine 
cycle  are  600°F,  275  psia  and  4  ft3,  respectively.  If  the 
ratio  of  isothermal  expansion  re  =  3  and  the  ratio  of 

isentropic  compression  rK  =6,  calculate 

(a)  the  pressure  and  temperature  at  the  other  states  of  the 
Carnot  cycle, 

(b)  the  heat  supplied  and  rejected  by  the  cycle. 


(c)  the  efficiency  of  the  cycle,  and 


•*Y  •  •<  ;  1  <  .*"  •  !•  1  f 

Solution :  Consider  the  figure.  The  processes '1-2  and  3-4 

are  isothermal  while  2-3  and  4-1  are  isentropic  processes. 

The  isothermal  expansion  ratio  is-defined  as 

V2  V3 

re  ■  VT  =  v;  "  3 

and  the  isentropic  compression  ratio  is  defined  as 

-  Ii  . 

rK  V2  Vi  6 

Given  state  1  is  J  ^ 

T1  =  6009F  =  1060°R 
Px  =  275  psia 
Vj  =  4  ft3:  ~  rt.  : 
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(a)  The  temperature  at  state  2  is  same  as  that  at  state  1, 
because  the  process  1-2  is  isothermal.  *  >u> 

’  4  k 

Therefore,  T2  =  T3  =  600°F.  <j  .  *  , 

For  the  isothermal  process  1-2,  the  pressure  at  state  2  is 
given  by 

P2  =  P1 
=  27 

=91.67  psia. 


For  the  isentropic  process  2-3,  < 


where  k  =  C  /C  and  ,  .  ■■ 

p  v  m  *  ■ 

k  =  1.4  for  air 

Substituting  the  values,  J  n  * 

P3  =  91.67  (|) 

'  =  7.46  psia 

Ta  =  1060  (i)”-4 

=* 517 . 67°R 
or,  T3  =  57 . 7°F 


The  temperature  at  state  4  is  same  as  that  at  state  3 , 
because  the  process  3-4  is  isothermal. 

Therefore,  T<«  =  Ta  =  57.7°F 


For  the  isothermal  process  3-4,  the  pressure  at  state  4  is 
given  by 


=  7.46  x  3 
=  22.38  psia 
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The  calculations  can  be ^verified  by  finding  out  the  temper¬ 
ature  and  pressure  at  state  1,  by  considering  the  isentropic 
compression  process  4-1  and  the  previously  obtained  state  4 
properties.  The  temperature  and  pressure  at  state  1  should 
coincide  with  the  given  values. 

The  four  states  of  the  Carnot  cycle  are: 


J 

} 


State 

Temperature 

Pressure 

1 

600°F 

275  psia 

2 

600°  F 

91.67  psia 

3 

57. 7°F 

7.46  psia 

4 

57 . 7°F 

22.38  psia 

(b)  Heat  is  supplied  to  the: cycle  during  process  1—2  and  is 
rejected  during  process  3-4. 4 } 

Heat  transferred  during  process  1-2  is  given  by 


Substituting  the  values, 


s 


275  x  144  x  4 
778 


In  ( 3) 


=  223.7  Btu 


Heat  rejected  during  process  3-4  is 


PiViTa 

■  ~jt r  ln  \^V7/, 


or 


O  =  275  x  144  x  4  x  517.7  1  fl 
n  778  x  1060  ln  .  3 

'  V 


=  -109.2  Btu 

*  ' 

The  negative  sign  indicates  that  heat  is  rejected  from 
the  system.  • 
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(c)  The  thermal  efficiency  of  the  cycle  is  given  by 

Ti-Ti  ' 


=  1060-517.7  _  51% 


(d)  The  mean  effective  pressure  is  given  by 


mep  = 


where 


\  & 


Therefore , 


W  «  EQ  =  223.7-109.2 

'n 

=  114.5  Btu  „  . » 

V3  =  3V4  from  the  expansion  and 
compression  ratios 

=  18  x  Vj  ... 

-■ 72  ft 3  *  ^ 


114.5  x  778 
mep  "  (72-4)  144  n 


=  9.1  psia 

*  i 


•  PROBLEM  9-4 


A  Carnot  heat  engine  cycle  using  steam  as  the  working  fluid 
operates  between  the  temperatures  560°F  and  70°F.  All  the 
processes  are  steady— state  steady-flow.  The  fluid  states 
at  the  beginning  and  end  of  the  isothermal:  heat-addition 
process  are  saturated  liquid  and  saturated  vapor ,  respectively. 
Calculate  the  thermal  efficiency  of  the  cycle  and  the  ratio 
of  turbine  work  to  compressor  work.  : 


Solution:  Consider  the  figure.  The  process  a-b  is  a 

reversible  isothermal  heat— addition  process.  The  temperature 
during  this  process  is  560°F,  i.e.,  1020°R,  and  is  constant. 

The  process  b-c  is  the  reversible  isentropic  expansion 
process.  Here  the  temperature  drops  from  560°F  to  70°F. 

This  process  takes  place  in  a  turbine  to  produce  work. 


p\ 


Tt  Ti 


■*.  t 
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I. 


The  process  c-d  is  the  reversible  isothermal  process  where 
heat  is  rejected  at  a  temperature  of  70° F  (530CR), 

The  process  d-a  is  the  reversible  isentropic  compression 
process.  This  process  takes  place  in  a  compressor,  so  work 
is  being  done  on  the  working  fluid.  Here  the  temperature 
rises  to  560°F. 

'  .  '  'rH 

The  thermal  efficiency  of  the  Carnot  cycle  is  given  by 

-  ti-t2  s .  ...  ..  ;; 

nth  Ti  •-  r*  ' 

ii 

where  Tj  =  isothermal  heat -addition-temperature 

>* ,  1  T2  =  isothermal  heat-rejection-temperature  ^ 

Substituting  the  values,,.  ;  -v.  ,  . %  ,  v 

=  1020-530 
nth  1020 

,  i  -  :  f 

-  0.48 

I-  *  rj 

i.e. ,  nth  —  48% 

.  ?  Oi'  *  -  • 

Referring  to  the  figure  and  from  steam  tables,  the  condition 
of  steam  at  state  b  is  ..  r  ' 

f 

(enthalpy)  hb  =  1187.7  Btu/lbm 

(entropy)  s^  —  1.3757  Btu/lbm-°R 


During  the 
Therefore , 

The  quality 


process  b-c,  the  entropy  remains  constant. 

s  =  s.  =  1.3757  Btu/lbm-°R.  .  ,  •  i 

c  b 

of  steam  at  the  state  C  -  is  given  by 


where 


entropy  at  state  C  n 

•* 

saturated  liquid  entropy  at  70°F 
evaporation  entropy  at  70°F 
quality  of  steam  of  state  C 

1  -  t  .  s  ♦ 


Substituting, 


1.3757-0.0745 

1.9900 

=  0.654 


-4 
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Therefore,  the  enthalpy  of  steam  at’state  C  is 


h  =  h„  +  x  h_ 

,  ■  C  l  •:  <  f.  C  fg  ^  , 

. :s  <1  :  i  ,f 

where  h_  =  enthalpy  of  saturated  water  at  70c F 

■  H-  -X  ■’  ^ 

h^  =  enthalpy  of  evaporation  at  70°F 

'■  ;  -  .  :  r . 

Substituting  the  values, 

h  =  38.052  +  0.654  x.  1054 

O  * 

„  ,  ,  =  727.37  Btu/lbm 

The  work  produced  by  the  turbine  is  given  by  W 


turb 


i .  e . , 


Wturb  =  H87.7-727.37 


=  460/33  Btu/lbm 

<"  i 

The  condition  of  steam  at  state  a  is 


h  =  562.4  Btu/lbm 
a 


s  =  0.7625  Btu/lbm-°R 
a 


During -'the  process  d-a,  the  entropy  remains  constant. 
Therefore,  sd  =  sa  =  0»7625  Btu/lbm°R. 

i  '  <  .  f  •  i 

The  quality  of  steam  at  state  d  is  given  by 


xd  = 


sd~sf 


■»!.***: 
Ilf’  '  * 


'fg 


Substituting  the  values," 


...  A  _  0.7625-0.0745 

Xd  1.9900 

=  0.346  V* 

Therefore,  the  enthalpy  of  steam  at  state  d  is 


hd  "  hf  +xd  hfg 


**  T  ■  .  ;  :  i  ’  .. 

=  38.052  +  0.346  x  1054 

i  •~r 1  r-  * 

=  402.74  Btu/lbm 

The  work  done  by  the  compressor  is  (h  -h.) 

a  d 


i. e.  , 

Substituting, 


Wcomp  ha  hd 


w _  =  562.4-402174 

comp 
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=  159.66  Btu/lbm. 


Solution:  For  a  Carnot,  cycle  operating  on  steam,  the 

pressures  are  constant  during  the  isothermal  processes  for 
the  condition  given  in  the  problem.  The  corresponding 
saturation  temperatures  are  found  from  steam  tables. 

* 

Tx  =  540°F  =  1000°R  (isothermal  expansion) 

T3  =  140°F  =  600°R  (isothermal  compression) 


(a)  Since  the  temperatures  of  the  two  reversible  isothermal 
heat-transf er  processes  are  known ,  the  thermal  efficiency 

of  the  cycle  can  be  found  as 

•  < 

'  ..  ‘  T„  -  T, 


^th 


H 


H 


1000-600 


1000 


=  0.4 


.=  40%  -  ,  , 


The  turbine  work  can  be  found  as 


W,  .  =  W,  =  -(h  -h, ) 
turb.  2~  3  32 


(1) 


and  the  pump  work  as 


W 


t  „  jumpt  v 


;\-  *  - ( h ! - h 4  ) 


A 


(2) 


In  order  to  evaluate  eqs.  (1)  and  (2),  it  is  necessary  to 
find  the  enthalpies , at  states  1,  '2,  3,  and  4.  Using  the 
steam  table  at  T  =  540cF,.we  obtain 

sx  "-~~s4  =  sf  =  0.7374  Btu/lbm-°R 
hi  =  hf  =  536.6  Btu/lbm 

■  t 

s 2  =  s 3  =  s  =  1.3942  Btu/lbm-°R 
g  ; 

h 2  =  h  =  1193.2  Btu/lbm 
g 

,  S  -  1  ,■ 

However,  at  state*3,  T3  ■=•  140cF*and 

X 

s^  =  0.1984  Btu/lbm-°R 

s  =  1.8895  Btu/lbm-°R 
g 


Because  sf  <  s3  <  s  ,  it  is  necessary  to  find  the  quality 
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Hence 


1.3942-6.1984 

1.8895-0.1984 

=  0.7072  * 


The  enthalpy  at  state  3  can  now  be  found  from  the  expression 

h3  =  hf  +  x3  hfg 

^  C  ■  - 

'wi'th  h^  =  107.89  Btu/lbro 

hx  =  1014.1  Btii/lbm 
fg  r 

h,  =  107.89  +  0. 7072(1014. 1)  , 

=  825.06  Btu/lbm 

Similarly,  at  state  4,  -  | 

■  <  Si*  -  }  ? 


0.7374-0.1984 

1.8895-0.1984 

=  0.3187 

The  enthalpy  at  4  is 

h4  =  hf  +  X,  hfg 

=  107.89  +  0.3187(1014.1) 
=  431.08  Btu/lbm. 


From  eq.  (1),  for  the  turbine  work,  t 


and 


The 

and 


W  ,  =  -(825.06-1193.2)  =  368.14  Btu/lbm 

turb. 

from  eq.  (2),  for  the  pump  work, 

'i 

w  =  -(536.6-431.08)  =  -105.52  Btu/lbm 

pump 


net  work  of  the  cycle  is  the  algebraic  sum  of  the  turbine 
pump  works.  Therefore, 


EW 


w  +  w 

turb.  pump 


=  368.14  -  105.52 
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=  262.62  Btu/lbm 


Note  that  the  net  work  of  the  cycle  can  also  be  found  using 
the  relation 

EW  =  nth  .(V  <3) 

which  relates  the  net  work  and  heat  added  to  the  system 
through  the  thermal  efficiency.  ' 

Heat  is  added  to  the  system  during  the  boiler  process  and 
can  be  found  as 

Qa  ~  Q 1  -v 2  =  h 2  -  hi  =  Tjj ( s 2  -  s i ) 


or  Qa  =  1193.2-536 .6 

'  =  656.6  Btu/lbm 
As  a  check,  using  eq.  (3)'» 

ZW  =  0.40  (656.6)=  262.64  Btu/lbm 


The  work  ratio  is  defined  as  the  ratio  of  the  net  work 
produced  by  the  system  to  the  total  net  positive  work 
produced  (the  turbine  work),  or 


I 


ZW 

*Wturb. 


26*2.64 

368.14 


=  0.7134 


Fig.  2.  Basic  Carnot  cycle  with  irreversible  processes. 
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(b)  Assume  that  states  1  and  3  are  those  affected  by  the 
irreversibilities,  while  states  2  and  4  remain  the  same  as 
in  (a).  "  * 


Fig.  2  shows  the  process  depicted  on  a  temperature  entropy 
diagram.  The  dotted  lines  indicate  an  irreversible  process 
between  the  equilibrium  and  states  2  and  3a,  and  4  and  la. 
The  enthalpies  at  the  new  states,  due  to  the  irrevers¬ 
ibilities,  can  be  found  from  the  definition  of  adiabatic 
efficiency: 

W 

a 

nad  Wg  (for  a  work-producing  process) 


and 


W 


nad  =  (for  a  work-absorbing  process) 


Therefore  , 


0.80  = 


h  -  h 

.  2 _ 3a 

h ,  —  h » 


or 


1193. 2-h 


3a 


1193.2-825.06 


h  =  898.69  Btu/lbm 
3a 


Then  the  actual  turbine  work  is 


W 


turb. 


=  -(h=a  *  V 


=  -(898.69  -  1193.2) 


=*  294. 51i  Btu/lbm. 


Similarly  , 


or 


0.80 


536.6-431.08 

h,  -.431.08 
ia 


h  =  562.98 
i  a 


Then  the  actual  pump  work  is 

W 


a 


pump 


■  -(hla  -  v 
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F  -(562.98  -  431.08) 
=  -131.90  Btu/lbm 


The  net  work  of  this  cycle  is. 

*  P  ■  .  .  ZW  .=  294.51  -  131.90 

„  „  ,  .  .  #  =  162.61  Btu/lbm 
The  work  ratio  is 


162.61 
w  294.51 


0.5521 


The  heat  added  is 


=  1193.2  -  562.98 
k  rf  •=*  ^ 

=630.22  Btu/lbm. 

•  i 


Since  this  is  not  a  reversible  cycle,  the  thermal  efficiency 
of  the  cycle  cannot  be  found  from  the  temperatures  of  the 
cycle  alone.  However,-  from  eq.(3), 


i: 


n 


th 


zw 

Qa 


=  162.61 
630.22 


100  -  ■ 


=  25.80g 


■t 


Reversible 

Irreversible 

nth 

40.0% 

.  j:.  r 

25.80% 

w 

turb 

368.14  Btu/lbm 

294.51  Btu/lbm 

W 

pump 

-105.52  Btu/lbm 

-131.90  Btu/lbm 

Zw 

262.64  Btu/lbm 

162.61  Btu/lbm 

656 . 6  Btu/lbm 

630.22  Btu/lbm 

*W 

0.7134 

0.5521 

'  T„ : 

The  two  cycxes  are  compared  as  shown : in  the  table. 
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•  PROBLEM  9-6 


An  air  standard  Carnot  cycle  has  a  constant  highest 
compression  ratio  Rc  and  lower  temperature  Ta .  If  the 
isentropic  compression  ratio  r  is  variable,  determine  the 
required  condition  for  the  maximum  work  in  terms  of  this 
ratio. 


Vl  _  Vi» 
v2  v3 


*  ^  *C  V,  ‘  V  3  '  _  Vl 
'  *  “r~  =  v3  “  V2  _.V2 


The  work  done  during  the  cycle  is  given  by 


W  =  Q  -  Q 

r 


where 


W  =  work  done 


Q  =  heat  supplied 
s  > 

Qr"  =  heat  rejected. 


Heat  is  supplied  during  the  isothermal  process  3-4. 
given  as  ^  " 


It  is 


A  -  P3V3 

ys  J 


RT3 


(55) 

lvti\ 

r3  / 


Heat  is  rejected  during  the  isothermal  process  1-2. 
given  as 


It  is 


■  ¥  - 


In  fel) 

lV2/ 

/V1  \ 
n  — - 
\V2  / 


Substituting  into  equation  (5)  , 


W  =  ^  T.3  In  f— 1  -  T2  In  f^] 

J  \ v3/  r  j  \ v2/ 

Substituting  equations  (3)  and  (4)  » 

B  r  /r-  v  /  r  ^ 

W  =  3  T,  In  -  T2  In  \-£) 

-5 ln  (^)(T3-Tz) 


W  =  J  T3  ln 


From  equation  (1) 


T,  =  T- 


'  =  T2(  r) 

k-i  ^ - '  1 

Therefore,  (T3-T2 )  =  T2(r  -1). 


But  T2  =  T3  from  isothermal  process  1-2. 
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Therefore,  (T3-T2)  = 

k”  1 

Substituting  (T3-T2)  =  Ta(r  -1)  into  the  simplified  form 
of  equation  (5), 

w  =  §  In  [~f)  TjCr^’-l) 

In  this  equation,  only  r  is  a  variable,  and  all  other  terms 
are  constants. 

Differentiating  with  respect  to  r,  the  condition  for  maximum 
work  is 


Multiplying  by  r, 

<k-l>  rk~X  In  (-j?)  -  rk_1  +  1  =  0 
Dividing  by  ( rk  1), 

(k-i)  m  (^)  +  -^rr  -i  =  o 

This  is  the  required  condition  for  maximum  work  for  the  given 
conditions  (in  terms  of  r). 


THE  OTTO  CYCLE 

•  PROBLEM  9-7 


1.  One  kilogram  of  air  at  101.35  kPa,  21°C  is  compressed 

in  an  Otto  cycle  with  a  compression  ratio  of  7  to  1.  During 
the  combustion  process,  953.66  kJ  of  heat  is  added  to  the 
air.  Compute  (a)  the  specific  volume,  pressure,  and 
temperature  at  the  four  points  in  the  cycle,  (b)  the  air 
standard  efficiency,  and  (c)  the  mep  (mean  effective 
pressure)  and  hp  of  the  engine,  if  it  uses  1  kg/min  of  air. 

2.  Calculate  the  efficiency  for  a  Carnot  cycle  operating 
between  the  maximum  and  minimum  temperatures  of  the  Otto 
cycle. 
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Fig.  1.  Otto  Cycle. 


* 


,  i 

Solution:^  1.  At^’state'l,  *  ' 

Pi  =  101.35  kPa 

*  Ti  -  294°K 


The  specific  volume,  vi, 
gas  equation  of  state. 


is  determined  by  using  the  perfect 


vi 


RTi 

Pi 


0.287  (294) 
101.35 

=  0.8325  m3 /kg. 


At  2,  the  specific  volume  can  be  obtained  by  using  the 
compression  ratio. 


v  2  _  1 
Vi  7 


or 


v,  = 


_  vi 


7 

■.'■I  =  0.8325 

&  .1  ^  ,  •  * 

’  w  ‘  V  =  0.1189  m 3 /kg 

*  ,  * 

The  pressure  (P2)  is  obtained  from  the  isentropic  relation 


101.35 


[  0.8325) 
\  0.1189/ 
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=  1 , 545 i6?kPa 


The  temperature  (T2)  is 


I  \  k-i 

Tj  =  Tl  21] 

\  V2 j 

294  fO-8325\1-'-* 
a4  '\0.1189j 


=  640. 4°K 

At  state  3,  V3  =  V2  =  0.1189  m3/kg.  The  temperature  here 
can  be  calculated  from  the  quantity  of  heat  supplied  since 

Qin  =  mcv (T3-T2 ) 


or  solving  for  T3 , 


V  K .  *  H* 


Q. 

T,  =  -12  +  f,J 
3  me  2 
v 


953.66 

1(0.7243) 

-  1957. 1°K 


+  640.4 


The  pressure  (P3 )  is 


At  4, 


=  0.287(1957.1) 
0.1189 

:  =  4,724  kPa 

v4  =  vx  =  0.8325  m3/kg. 


and  the  pressure  is  P4  =  P3 


--  (*p; 

■  (StMH)- 

=  309.7  kPa 


The  temperature  T4  is 


T,  =  T 


=  1 957 -1  (  §rMH)  =  898. 5«K 
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(b)  The  efficiency  of  the-Otto  cycle  is  defined  as 


n  83 


^in  ^out 
»-  ^in 1 


■  S  ':  " 


X  100 


(1) 


where 


and 


Q,  *  953.66  kJ 


<Wt  =  mcv(T'  -  T1 >' 


Therefore, 


=  1(0.7243X898.5-274) 
=  452.3  kJ 


_  _  953.66-452.3  „ 
n - 953766 -  *  100 


=  53% 


(c)  The  mep  is 


where 


♦  »■  - 
W 


mep  = 


net 


Vi  -  v  2 


W  .  =  q .  -  q  . 

net  Min  Hout 


=953.66  -  452.3 
=  501.36  kJ 


Thus 


mep  = 


501.36 


0.8325-0.1189 

/ 


=  702.6  kPa 


The  horsepower  is  * ( 


hp  =  'rhWnet  =  501.36  kW 
*  '  '  =  5.2  hp. 


2.  The  maximum  and  minimum  temperatures  of  the  Otto  cycle 
are  i 

i  '  i 

T  v  =  1957. 1°K 
max 


T»i»  =  294°K 
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The  Carnot  cycle  efficiency  is 


An  Otto  cycle  engine  has  an  initial  air  pressure  and 
temperature  of  14.7  psia  and  60°F .1  750  Btu.  of  heat  is 

supplied  per  lbm  of  air  at  the  end  of  compression.  The 
compression  ratio  is.  7.  Find  (a)  Ijtemperature  and  pressure 
at  all  salient  points,  (b)  the  thermal  efficiency  and  the 
mean  effective  pressure  for  the  cycle.  Assume  ideal 
conditions.  ■ 

.  ,-t  *  •  ■ 


Solution:  Consider  a  piston-cylinder  assembly  containing 

air.  The  initial  state  is ; at  the ^beginning  of  the  isentropic 
compression.  This  state  is  shown '‘in  the  figure  as  point  4. 

r 

(a)  The  compression  ratio  is  defined  as 

-  •.  ■**  ■*  '  I*  ■ r- 

R  Xi.  S  Xi 

C  y  2  j  ^  .»  j  y  1 

R^'  compression  ratio 
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where 


Therefore, 


R  =  7 
c 


Consider  the  isentropic  compression  process  4-1. 

k-i 


1  _  [vi.] 

4  Ivi) 


k  =  ratio  of  specific  heats  ( 

\  v. 


El  =  Xi 


where 

i  \  • 

P  4 

Therefore,  the  temperature  at  state  1  is 
v  -  *  k-i 


T!  -  T4(^] 

I  '  * 


Substituting  the  values, 

■  ,::T  '  '  -  -  r  *• 

’  ■*  J  T4  =■?  ( 460+60 )°R  =  520°R 


l 


k  =  1.4  for  air 


Tl  =  520(7)1-4~1 

*■ 

=  1133°R  ( 673°F ) 

Similarly,  the  pressure  at  state  1  is 

f  i 

k  .  ' 


t 


*  Pi  =  Pi 


V.l  / 


-  -  =  14.7  (7)1*4 

=  224  psia 

"  r  ;  t  *  '  “  * 

Consider  the  constant  volume  heat  addition  process  1-2 
Heat  supplied  during  the  process  1-2  is  given  by 


Qs  =  CVCT2-T!) 

W  %  J  '  ■ 

where  1  f  \  .  i  Qg  =»  heat  supplied 


c  =  constant  volume  specif ic  heat 
v  of  air  CO. 171  Btu/lbm°R) 

* 

Substituting  the  values  and  calculating  for  T2, 

750  =  0.171  (Ta-1133) 
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or 


T2  = 


_  750 


0.171 


+  1133 


=  5519°R  ( 5059°F ) 


The  pressure  at  state  2> is  given  by 

El  =  El 

T2  T  i 

for  constant  volume  process  1-2. 

,  ■  •  -  4 


Therefore,  P2  =  2 


224  x  5519 
1133 


i 


i.e.,  P2  =  1091  psia 


f  7 

Consider  the  isentropic  expansion  process  2-3.  The  pressure 
and  temperature  at  state  3  can  be  found  from  the  isentropic 
relations . 

•*  * 


Pa  = 
P2  •  ■ 

Ta  = 
T2  = 


K: 


Therefore, 

..  t. 

Pa  = 

7  1091  (A)"4 


P3  =  71.6  psia  r' 


T3  =  2534°R  ( 2074°F) 

.  ,  V 


The  calculations  can  be  verified  by;  calculating  the  pressure 
and  temperature  at  state  4  from  the  constant  volume,  heat 
rejection  process  (3-4)  relations.  ; 

\ 

Therefore,  the  pressure  and  temperature  at  all  the  salient 
points  of  the  Otto  cycle  are:  ;jt  •- * 
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STATE 


PRESSURE  psia 


TEMPERATURE  °F 


(b)  The  thermal  efficiency  of  the  cycle  is  given  by 


nth  1  “  Ti 


=  1  - 


Substituting  the  values, 


nth  =  1  - 


=  0.541 


The  mean  effective  pressure  is  defined  as 


mep  = 


Net  work  done 
Stroke  volume 


Net  work  done  =  x  Q 
,  th  s 

t 

=  0.541  x  750 

1 . ;  s 

■•  =  405.75  Btu 


Stroke  volume  is  defined  as  v^-v^ 


v“"!1  =  *  *) 

*  ’ 

The  volume  at  state  1  is  given  from  the  ideal  gas  equation 


=  53.34  x 


224  x  144 


=  1.87  ft 3 /lbm 

Therefore,  stroke  volume  is  1.87(7-1)  =11.22  ft3/lbm 


Substituting  into  the  equation  for  mep, 

_  405.75  x '.778 

P  .11.22x144 

=  195.4  psi 


•  PROBLEM  9-8 


Solution:  The  air  tables  result  in  a  more  accurate  answer 

than  the  use  of  the  ideal  gas  equation  of  state  does.  This 
is  due  to  the  fact  that  the  air  tables  take  into  account  the 
variation  of  the  specific  heats  due  to  the  difference  in 
temperatures,  whereas  the  ideal  gas  equation  does  not. 

From  the  air  tables  at  Ti  =  540°R, 

v  *  144.32  -  'I  •» 

n 


ui  =  92.04  Btu/lbm 


Process  1-2  is  an  isentropic  process.  Therefore,  from  the 
isentropic  relations. 


(Sf) 


=  144.32 


' =  16.04 

From  the  air  tables  at  v  =  16.04, 

r  2 

. :  ■  »  .  '  T2  =  1 , 264 . 8°R 


u2r=!  221.19  Btu/lbm 


At  T3  =  2500°F  =  2960°R, 


v=_  1.233 
r  3 

u3  =  576.1  Btu/lbm 

Process  3-4  is  also  an  isentropic  process.  Hence 

v  -v  N  i 

*"*  Tr,  \V3j 

n  * 

=  1.233  (9) 

V  \  =11.10  ' 

Then  at  v  »l11.10,  the  air  tables  give 
.  r  4 

T4  =  1443. 26°R 

h.  *  f  ^ 

U4  =  255.32  Btu/lbm 

Heat  is  supplied  during  process  2-3  and  is  rejected  during 
process  1-4.  For  the  heat  added, 

q2-3  =  u3-u2 

=  576.1-221.19 


=  354.91  Btu/lbm 


The  heat  rejected  is 


“  u4-ur 


'  =  255.32-92.04 


=163.28  Btu/lbm 


The  net  work  produced  is  ?.*, 


+  <J.-1 


516 


=  354.91-163.28 
=  191.63  Btu/lbm 

*  *  -•  V  ’  .jl 

The  efficiency  of  the  cycle  is 


•th 


Wnet 
"  qin 

191.63 
f  354.91 


:f=  0.54 
=  54%. 


^  v  !; 

•  PROBLEM  9-10 


An  air  standard  Otto  cycle  of  48%  thermal  efficiency  has  air 
at  25°C  and  1  bar  at  the  beginning  of  the  isentropic 
compression.  Calculate  the  temperature  and  pressure  of  air 
at  the  end  of  the  isentropic  compression  process. 


Solution:  The  figure  shows  the  Otto  cycle  on  a P -v  diagram. 
1-2  is  the  isentropic  compression  process.  It  is  necessary 

to  know  the  compression  ratio  ln  01*der  to  determine  the 

state  2  from  the  isentropic  process  relations.  The 
compression  ratio  can  be  obtained  from  the  equation  of 
thermal  efficiency. 


n ,  x.  =  l  - 
th^' 


R 


k- 1 


where 


n  •  =  thermal  efficiency 
tn  t 
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i 


Rc  =  compression  ration-:  *- 
k  =  ratio  of  specific  heats  (1.4  for  air) 

Substituting  the  values  and  calculating  for  R  . 

,  c* 


0.48  =  1  - 


Rc“0*4  =  1-0.48 


R  =5.13 
c 


i.  e. 


K 


^  =  5.13 
V  2 


For  the  isentropic  process '1-2, 

i  *  I'.:  ;  .  .  -  ' 


£2 .  =  lvAk 
pi  <  UJ 


<  * 


Therefore, 


Substituting  the  values 


P2  =  Pi 

/>! 

P2  =  1(5. 13  )1*  4 


9.87  bars 

For  the  isentropic  process  1-2 


t_2  =  IvA 
T1  \V2j 


Therefore, 


ft*.* 


*  i 

i  J 


k-x 

* 

a-  '■  * 


f 

k-i 


If  r  i 


m  (25  +  273)(5. 13)1*4-1 
* 

T2  =  573(,K  =  300°C 

Therefore,  the  temperature  and  pressure  at  the  end  of  the 
isentropic  compression  are  300°C  >and ‘9.’ 87 'bars ,  respectively. 
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•  PROBLEM  9-11 


An  air  standard  Otto  cycle  in  which  the  salient  points  are 
1»  2,  3  and  4  has  fixed  upper  and  lower  limits  of  absolute 
temperatures  T3  and  Ti  ,  respectively.  If  maximum  work  per 
unit  mass  of  air  is  to  be  done,  show  that  j» 

.i  ,  ..  .  1 

[t  A  ^  1  ) 

(a)  the  compression  ratio  Rc  =  1^1 

(b)  the  intermediate  temperature  T2  =  T\  =  /tYt 3 


where  =  constant  volume  specific  heat. 

4 

Heat  is  rejected  during  the  constant  volume  process  4-1, 
so  for  unit  mass  of  air, 

Qr  =  ^(T.-Ti) 
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(1) 


Therefore,^. 


.  „  ■  »„«t  "  cv(T*-T*\r 

'  '  =  Cy [ T  3 -T  2 -T  4  +T  i  ] 

f 

For  the  isentropic  compression  process  1-2, 

^'aT" 


where 


k  =  ratio  of  specific  heats 


Therefore,  the  temperature  at  state  2,  in  terms  of  Tx  and 

k- 1 


the  compression  ratio  CRc)  ,  is 


T2  =  T- 


)K—  i 


=  ti(rc) 


(2) 


Similarly,  from  the  consideration  of  the | isentropic 
expansion  process  3-4,  the  temperature  at  state  4,  in  terms 


of  T3  and  compression  ratio  (Rc> >  is 


i 


T4  = 


k-i 


(3) 


Substituting  the  values  of  T2  and  T4  into  equation  (1), 


t  „ 


Wnet  “  Cv 


T3  +  Tx  -  TiR 


k~i 


T  3 


k-i 


Since  Tj.  and  T3  are  fixed  for  the  given  cycle,  the  net  work 
is  a  function  of  R  only.  The  net  work  will  be  maximum 

G 

when 


d(Wnet> 

dR 


=  0 


Hence,  taking  the  derivative  of  the  above  expression. 


d(Wnet)  k-2  '  -k 

~j£—  =  -Tx(k-l)RcK  *  +  T3Ck-l)Rc  K  -  0 


Simplifying, 


TjR  *  =  T3R 

1  c  -  c  ,, 


i . e.  , 


n  2k~2  T3 

R  =  =■*•  f 

c  Tr 
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2(k-o  *  n.rao  .i  *»?■ 


T 1 


Therefore, 


■  •  Hc  1  Tij  f 

(b)  The  compression  ratio  for  maximum  work  output  is 


Rc  tJ  if 


Equation  (2)  states  that 


•sf  • 


t2  =  T^) 


k-i 


Substituting  the  value  of  R  , 

c  .4*  ’> 


T2  =  Ti 


t  k-i 


■T,l  2fk-° 


i  *  e  •  f 


T2  »  Ti 


rT3l 


[Tl> 

n  r 

.  **  \  r  v  .*  *.■ 

Similarly,  from  equation  (3),  ^ 


T  4  = 


Tj_  _  m  „  -  ( k- 1  ) 


.  =  T3  R 

k-i  c 


Substituting  the  value  of  Rc> 


T„  =  T3 


,T^-(k-i,) 


2 ( k- 1 ) 


_  ...  /T3U-4 

“  3  tT  ’ 


i  # 


i.  e . 


-  t3i 

T3l 


T.  -Vri^s,  : 

’  ■-  "i-  *■ 

Therefore,  for  maximum  work  output. 


T2  =  T4  .-'V TiT3 
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THE  DIESEL  CYCLE 


•  PROBLEM  9-12 


Consider  an  air  standard  Diesel  cycle.  At  the  beginning  of 
compression  the  temperature  is  300°K  and  the  pressure  is 
101.35  kPa.  If  the  compression  ratio  is  15  and  during  the 
process  1860  kJ/kg  of  air  are  added  as  heat,  calculate; 

(a)  the  maximum  cycle  pressure  and  temperature,  (b)  the 
thermal  efficiency  of  the  cycle,  and  (c)  the  mep. 


Solution:  Referring  to  the  figure  for  the  states,  and  using 

the  ideal  gas  equation  of  state 

Pv  =  RT  (1) 


the  specific  volume  at  state  *d  is 


vd  P. 


0.287(300) 

101.35 

=  0.8495  m3 /kg 
~ '  .. 

Process  c-*d  is  an  isochoric  (constant  volume)  process.  Hence 

vc  =  vd  “  0.8495  m3/kg  r 

The  compression  ratio  is 


r  =  —  =  15 
v  v 

a 


■  ,  v  0.8495 

15 

•  =  0.0566  m3/kg 

Process  d-+a  is  an  isentropic  process.  Therefore, 


Ta-  /vd 


Ta  ■  300  §7§HI 


=  886. 5°K 


a  *  ' 
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Fig.  1.  Diesel  Cycle 


Also, 


or 


Pa  “ 101-35  (§t§if) 


1.  *» 


=  4,495  kPa 


P  «  P  =  4,495  kPa 
max  a 


The  maximum  temperature  can  be  obtained  as  follows.  From 
the  first  law,  assuming  constant  specific  heats,  the  heat 
supplied  is 


Qin  Qab 


C_  -(T.  -  T  ) 
p  b  a 


or 


Qab 

Tb  "  ^  +  Ta 


_  I860 

1.0035 

=  2 , 740°K 


+  886.5 


max 


Tb  =  2 , 740°K 


(b)  The  thermal  efficiency  of  the' Diesel  cycle  is 


^th 


=  1-7* 


<Tc  '  Td  > 


k(Tb  -  Ta> 


(2) 
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T  can  be  obtained  from  the  isentropic  relation 

c  *  Hi 

s  ■■  *  , 

a  '  "  T  ( v  \ 

/  S  *  =—  —  [  — —  ]  \ 

t  Tc  rJ  \  • 

where 


Vb  P, 


from  equation  (1) 


„  0.287(2,740) 
4,495 

=  0.1749  m3 /kg 


Substituting  into  (3)  , 


_  /  0.8495^ 
\  0.1749] 


Solving  for  T  , 
c 


=  1.88 

c 


T  =  2 >740 

c  1.88 


From  Eq.  (2) ,  then, 


=  1,457.5°K1 


i  hi  *  *  0 


n  -  1  (1,457.5-300) 

th  1.4(2,740-886.5) 


t  =  1  - 


1,157.5 

2,594.9 


=  0.554 


(c)  The  mean  effective  pressure  (mep)  is  defined  as 


mep  = 


v .  -  v 
d  ,  a. 
«  /  1  r  -* 


where 


W  =  n  Q . 
net  -  -th  ■> 

=  0.554  (1860) 


=  1030.44  kJ/kg 
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Substituting  into  (4), 


a  vi  »•  ■*  .  fr  ■  * 

_  _ 1030.44,. 

mep  ( 0. 8495-0.0566) 

»  1299.6  kPa  ^  -  '  ■■  ,! 


•  PROBLEM  9-13 


Determine  the  work 'output  per  kilogram  mass  of  air  and  the 

thermal  efficiency  of  an  air-standard  Diesel  cycle  with  a 

cutoff  ratio  (r  )  of  2  and  "r  =  15,  'assuming  that  the  inlet 
c  v 

conditions  are  101.35  kPa  and  21°C. 


.  'i  x  .  i  * 


Fig.  1.  Cycle  diagrams  for  air-standard  diesel  cycle, 
(a)  p-V  diagram;  (b)  T-s  diagram. 


j  r  ~  '  1  '  * 


Solution:  Referring  to  the  accompanying  figure,  the 

condition  at  state  1  is: 

T  i  =  21®C  =  294°K  ^ 

Pi  -  101?  35  kPa.  ,  T  . 


Process  1-2  is  isentropic  and  hence 


But,  given  that  the  compression  ratio 


x 


vi  = 

v2i, 


15  -  T.  * 
-  } 


thus  eq.  Cl)  becomes 


T2 
T  i 


(r  ) 
v 


k-i 


or  X'  •  'j 

*  ^  ?,,T2  =  294(15) 1,4-1  «  868. 5°K 

♦  ■  :  Ir-  v  r  *  **  ■  ... 

For  the  constant-pressure  heat-addition  process  (2-3) 

►  1  ■  1 '  .  ;  *» 

.V3  -  T  3  V  .  .  i 

*  V  2  T  2 

V, 

But  the  cut  off  ratio  r  is  defined  as  r  = 


(2) 


Hence  from  equation  (2),;^ 

c 

i 


or 


K, 


r  =  ii. 

c  T2 


T3  =  T2 ( r  ) 

°  * 

=  868.5  (2.0) 
=  1737°K 


f  I 


To  determine  the  temperature  at  the  end  of  the  power  stroke, 
note  that  process  3-4  is  an  isentropic  process.  Hence  from 
the  isentropic  relation  *  > 


U. 


i  a 


Tj, 

T3 


t4 


_  IvA 

\  V4  j 


k-x 


l  VA 

\  v4j 


k-x 


(3) 


From  the  figure,  Vi  =  v4,  hence 


v  3  c-  v_3  __  V3/V2  +m  2_  **.;  . " 
v4  Vi  V1/V2  *  .15  -  u.J 


Then  from  eq.  (3),  "  '  *  J 

0. 4 

r  =  776°K 

v  n>  ■  • 

The  work  output  is  defined  as 


* 


(4) 
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where  qH  -  heat  added  during  the  constant  pressure 
process  2-3.  '  - 

q  =  heat  rejected  during  the  constant  volume 
process  4-1. 

Assuming  specific  heats  to  be  constant,  eq.  (4)  can  be 
written  as  4 

w  =c(T3  -  T2)  -  cv(T4  -  Tj) 

=  1.0035(1737-868.5) 

-  0.7165(776-294) 

=  871.54  -  345.35 
=  526.19  kJ/kg 

The  thermal  efficiency  of  the  cycle  is 

-  4 

_  W 

nth  qR 

_  526.19  v 

1  871.54 

=  0.6037 
or 

nth  =  60'37% 


i 

•  PROBLEM  9-14 

An  air  standard  ideal  Diesel  engine  (k  for 
operates  with  a  pressure  and  temperature  at 
compression  stroke  of  14.7  psia  and  550°R. 
ratio  and  clearance  volume  are  2.5  and  1.0 
calculate  > 

air  =  1.4) 
the  start  of  the 

If  the  cut-off  " 
ft3,  respectively, 

(a) 

Pressure,  temperature  and  specific  volume  at  the  4  | 

states  of  the  cycle  -  ..  I 

(b) 

-  .  t*  i  ■  q 

the  clearance  ,  * 

(c) 

the  thermal  efficiency  „  . 

j: 

(d) 

mep  for  the  cycle. 

Solution:  Referring  to  the  figure,  the  pressure  and 

temperature  at  state  1  are  given  as 
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Representation  of  the  Diesel  cycle. 


Pi  =  14.7  psia 
T i  =  550°R  .  1 

Therefore,  the  specific  volume  at  state  1  can  be  obtained 
by  using  the  perfect  gas  equation  of  state 

*  a  ♦ 


RTi 

Pi 


Substituting  the  values 


vi 


.  L,:  t 

53.35  x  550 
14.7  x  144 


=  13.86  f t  3 / 1 bm 

-At  state  2,  given  v2  =  1.0  ft3/lbm. 

*  .  i  '  •-  '  i  >  :  t  -  • 

Pressure  P2  can  be  obtained  from  the  isentropic  compression 
process  relation  .  .  ; 


*  =  583  psia  1  * 

The  temperature  T2  is  given  by 


f  ' 


Therefore, 


”  ' T2  =  550 


<  \  0.4 

13. 861 


=  1574°E 

At  3,  the  specific  volume  is  obtained  using  the  cutoff  ratio, 

\ 

r  =  ^  =  2.5 
c  v2 

or  vs  =  2.5  vj 

t  j  •  ..  V 

=  2.5  x 1.0 
=  2.5  ft 3 /lbm 


H 


The  temperature  at  state  3  can  be  obtained  from  the  constant 
pressure  process  relation  •  .#  ^ 

Zl  -  Zi 

t3  t2 


or 


T*  -  T2 


=  1574  x  2.5 
=  3935°R 

?  *  5 

Since  the  process  2-3  is  a  constant  pressure  process, 

P2  =  P 3  =»  583  psia 
At  state  4,  v4  =  Vi  =  13.86  ft3/lbm. 

i- 

The  temperature  T4  is  obtained  from  the  isentropic  relation 

k-i 


lit  -  /ziY 

T a  ~  \  v,] 


or 


T4  =  3935 
=  1983°R 


f  2.5 
\ 13. 86  j 


The  pressure  P4  is 


Pu  =  P 


(*)“  ■ 

I  2.5 
\  13.86/ 


583 
53  psia 


Therefore,  the  4  states  are 
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STATE 

PRESSURE  psia.. 

TEMPERATURE  °R 

SP.  VOLUME  ft3/lbm 

1 

14.7  .  1 

550  ' 

13.86 

2 

583 

I  1574 

1.0 

3 

583 

3935 

2.5 

r’  r  . 

<  ?  i. 

•rJ  '  ; 

4 

53 

1983 

13.86 

(b)  The  clearance  is  obtained  by  using  the  equation 

4*. ;  , . 


where  C  =  clearance 

'•  **  -•  ....  •  ■■■*>  t  *  “.  ?  .  :  .  '• }  '  . 

Vp  =  clearance  volume  t  ■?> ••  -  . •*» 


=  piston  displacement  volume 


The  piston  displacement  volume  is  given  by 

4  *  *  *■  *  *» 

VD  =  V 1 —  V  2 


Therefore , 


v  -n 


=  13.86-1 

L«,„.  •  - 

=  12.86  f t 3 /lbm 

t(ft:  F&  •'  . 

vc 

-  CT=5  —  4  *  ,*■ 

V 

D 


i 


r  / 


*  V-  r  -0  -  A 


12.86 


(since  vp  =  v2) 


l.  e.  , 


0.078 

C  =>7.8%  1 

:  =-  -  4  ^  t 

(c)  The  thermal  efficiency  can  be  obtained  using  the  heat 
quantities.  Hence  "  v 


qin  ^out 


'SJ 


'th 


where 


i  ..iii  * 

\rry  . 


x  100% 


=  0.24(3935-1574) 

-  566.64  Btu/lbm?  „■ 
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and 


* 


Therefore, 


q  .  =  CCT^-Tj ) 

Mout  v 

=: 0.173(1983-550) 

=  247.91  Btu  /  lbtn 


566.64  -  247.91  x  100% 
nth  "  566.64 

•*  *  :- 

=  56.25%  i  ■■  ' 

■» 


(d)  The  mean  effective  pressure  (mep)  of  the  cycle  is 


where 


Therefore , 


wnet 

mep  *- 

V  i  —V  2 

\  , 

wnet  = 

qin  - 

?  ■  =  566.64-247.91 

=  318.73  Btu/lbm 

,  * 

318 .73  v  77a 

meP  53  13786^1  '  • 

,a  ,19282  lbf /ft2  > 
a  134  psi. 


•  PROBLEM  9-15 

An  oil  engine  has  six  cy ^^^^theoret ical  Diesel  cycle.  The 
5.0  in  stroke.  They  work  on  the 'air  are  14.7i1psia 

initial  pressure  and  temperature  of  £he  strokej volume, 

and  75°F  The  clearance  volume  is  1  %  o7fiO°F 

St  temperature  reached  during  the  combustion  is  2700  F. 

Find  the  following:  t 

(a)  compression  ratio 

(b)  pressure  and  temperature  at  the  end  of  compression 
i  (c)  the  thermal  efficiency 

(d)  the  H.P.  Of  engine  if  the  working  speed  is  2200  rpm.  • 

Use  air  tables  to  solve  the  problem.  _ 
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Solution;  (a)  Referring  to  the  P-v  diagram,  the  stroke 
volume  or  displaced  volume  is  (V  -V  )  and  the  clearance 
volume  is  V2. 


Given 

*-  V  1-V  2  “  0,1 

-  :  *  *  •  e 

i.e. , 

■  WF'°' 

But  ~  = 
V  2 

compression  ratio  (r  ). 

c 

Thus , 

r  -1  -  O'1 
c 

or 

rl  • 

r-1  =  10 
c 

J  I 

Therefore,,  r  =  11  . 

"  •'*  C  -  » 

*  f  ■  1  “  '  .  T  * 


(b)  Assuming  ideal "gas  behavior,,  the  specific  volume  at 
state  1  is  given  by 


_  53 . 35  x  535 

,  .  .  -v  -  14..7  ^  144 

=  13.48  ft3/lbm 

Thus,  the  specific  volume  at  state  2  is 

'  •  -  +  -  fl 


v„  = 


V 1 
r 


* 
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13.48 
~  11 

=  1.225  ft  3/lbm 

The  pressure  and  temperature,  at  state  2  can  be  obtained  by 
using  air  tables  as  follows. 

* 

From  the  air  tables  at  T  =  535°R  , 

*  Jr"  L  *!< - 

v  =  147.89 
ri  >  * 

P  =  1.34 

rx  «,  , 

u i  =  91.19  Btu/lbm 

.■  -  >■  ».  •  .  * 

Then,  from  the  compression  ratio,  «■ 

Vr  2  =  vrx(vf)  , 

147.89 

11 

v.  it.  '•  * 

=  13.44  1  * 

Corresponding  to  this  value  of  v  from  the  tables, 

T2  =  1348°R 

P  =  37.19 

r  2  . 

h2  =  329.45  Btu/lbm 

The  pressure  at  state  2  is  given  by  the  relation 

P2  =  ^ 

P.  P 

±  1  r* .  a 


Therefore , 


P  2  =  14 


7  f  g7.Og) 


=  408  psia 


(c)  The  thermal  efficiency  of  the  cycle  is  given  by 


’Hh 


=  1  - 


4out 

qin 


=  i  -  e* 


u„  -  u ■ 


-  h 
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The  values  of  ux  and  h2  .are  known  from  the  previous  table 
readings. 

The  temperature  during  the  combustion  reaches  2700°F, 
i.  e.  ,  '■‘•V  ‘  T 3  =  (2700  +  460)  °R  -  -  ' 

=  3160°R 

*,  <'  *r 

*  •  :  * 

Corresponding  to  this  temperature, 


X  .* 


h3  =  837.7  Btu/lbm 
’  f 

v  =  0.995  * 

r  3 

t  r  - 

From  the  perfect  gas  law,  the  specific  volume  at  state  3  is 


v3 


,’RT3  i  rt3 


and 


At 


53.35  x  316Q 
408  x  144 


=  2.87  ft 3 /lbm 


v  =  v  ( —1  =  v  [ 
rn  r3  \vij  r 3  ^  v3  / 

■ 0;99®  (&) ' 


=  4.67« 


From  the  air  tables  at  v  =  4.67, 

■  ri*  **  ,  ..  •  J  t 

the  corresponding  values  are 

*  n  v  .  r .  .  *  r  :  c 

T4  =  1940°R 
u4  “355.12  Btu/lbm 

Substituting  the  values  into  the  equation  for  thermal 
efficiency,  / 

:  '  ».  i  ’  1  . 

i  1  '  / 355.* 12  -  91.19 
1  th  837.7  -  329.45 


n. 


i  t. 


_  ,  / 263 . 93 

508.25 

'  4  '  i  i 

“  0.48 


l.  e. 


nth  =  48X 


(d)  The  net  work  output  per  cycle  is  given  by 


W  =  mw 
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where  m  =  total  mass  of  air  used  per.  cycle  in  all  six 
cylinders 

*  "  w  -  work  output  of  one  cylinder  per  cycle 

*  .i 

w  is  given  by  '  4  "  r  ' 

w  ‘  qin  -  <W  i 

=  508.25  -  263.93.  *  '  '  -  -  ,. 

w  =  244.32  Btu/lbm 


m  is  given  by 

m  -  6  «  J  , 

*  i 

where  Vx  =  total  volume ^of  the  cylinder^ 

■  *  ]i 

”  =  clearance  volume  +  displacement  volume 

~  1 . 1^ (displacement  volume) 


tt  /4.5\ 
4  x  \  12  j 


=  1.1 

L“  '• 

Vi  =  0.05062  ft3 
Therefore,*. 


2  5 

x 


12 


J 


-f-ft-  ?V- 


f  i 


m  =  6  x 


0.05062 


'13.48 
=  0.02253  lbm/cycle 


Therefore, 

W  =  0.02253  x  244.32 

=  5.506  Btu/cycle 

it  rf 

Therefore  the  H.P.  of  the  engine  is 

H.P.  =Wx® 

since  there  is  1  cycle  for  every  2  revolutions. 


H.P.  =  5.506  x  2122  x  60 


2545 


j , 142 . 8  hp 
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THE  DUAL, CYCLE 


•«  •* 


^  .  •  PROBLEM  9-16 

The  compression  ratio  of  an  air-standard  dual  cycle  is  9. 

The  conditions  at  the  beginning  of  compression  are  14.7  psi, 
80°F;  and  during  the  process,  450  Btu/lbm  of  heat  are  added 
at  constant  volume  ,  and  350  Btu/lbm  of  heat  are  added  at 
constant  pressure.  Determine  the  maximum  temperature  and 
pressure,  the  thermal  efficiency  and  the  mep  of  the  cycle. 


Solution :  Referring  to  the  accompanying  figure,  note  that 

the  maximum  temperature  occurs  at  point  4  and  the  maximum 
pressure  occurs  at  point  3S  However,  since  the  only  state 
known  is  state  1,  first'  find. the  pressure  and  temperature 
at  state  2. 

n  •*  *  $  r 

Process  1-2  is  an  isentropic  process.  Hence 


But,  the  compression  ratio  is 


Therefore  , 

P2  =  P  !  (  Ty  )  **  ** 

=  14.7*  (9)1*- 


=  318.61  psi 
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The  temperature  T2  is 


T2  -  Tj  (rv )  v 

=  540  ( 9  )  1*  '*“1  i 

t  *• 

=  1300° R  ,  .  . 

d  * 

Process  2-3  is  a  constant-volume  process.  Therefore,  for 
the  constant  volume  heating  process, 

(<aln>V  -'cv<T,-Ta) 


ip  —  +  T< 

3  C  2 

V 


0.1715 


+  1300 


=  3924 


The  pressure  P3  is 


p3  =  p 


/  T_3  \ 

\T ‘I  , 


=  318.61 


=  962  psi 


.*.  P  =  p3  =  p4  =  962  psi 
max  ■  * 


To  find  the  temperature  at  point  4,  consider  the  constant- 
pressure  heating  process  3-4  . 

Cq.  ='  c  (T4~T3) 
in  P  p  ■  3 


f,  =  2±s  +  T. 
CP 


+  3924 


=  5382°R -l 


T  =  T4  -  —  5382°R 
max 


The  thermal  efficiency  of  the  dual  cycle  is 


-  Wnet  _  ^in  ^out 


'th  Q, 
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where 


Q^n  “  450 k+  350  =  800  Btu  (for  1  lbm  air) 
Qout  ='°v(Ts-Tl)  (2) 


The  temperature  at  5  is 


•li  =  Xj 
T4  (v, 

*  l  ■  ■ 


'  k-i 


or 


Also 


T5  =  T, 

is.  =  Is. 

vj  T3 


?T 


5382 

3924 


=  1.372 


15.  =  n  =  Q 
V3  v2 


Hence 


is  =  ZillA  =  1-372  _  -  .  „ . 
V5  ,Vs/v3  9  ~  0.1524 

9  ~  k  * 

From  eq.  (3),  then  '  '  ' 

T5  =  5382(0.1524)°*“=  2536°R 
Substituting  into  eq.  (2), 

"  l?Qout  “  (°*1715)(2536-540) 


Finally,  from  eq.  (1), 


f  =342.3  Btu 


‘th 


800-342. 3 
.  800'  * 


=  0.572 


or 


nth  “  5i-2% 


The  mep  (mean  effective  pressure)  is  defined 

*  '  W 


as 


mep  = 


net 


vi  -  v2 


with 


Vi  = 


RTj 

Pi 


(3) 


(4) 
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T 


and 


From  eq .  ( 4 )  , 


=  53.35(540)  x  f 

14.7  x  144 

L =  13.61  ft 3 /lbm 


At  the  beginning  of  compression  in  an  air-standard  dual 
cycle,  the  pressure  and  temperature  of  the  air  are  100  kPa 
and  27°C.  During  the  isentropic  compression  process,  the 
volume  of  the  air  is  reduced  from  0.0708  m3  to  0.0042  m3, 
and  during  the  constant  pressure  process,  the  temperature  of 
the  air  is  increased  from  1149°C  to  1593°C.  Compute  (a)  the 
cutoff  and  compression  ratios,  (b)  the  heat  added  and 
rejected,  and  (c)  the  thermal  efficiency  for  the  cycle,  using 
the  air  tables.  ! 


Solution :  (a)  The  cutof f ^ratio  is,  by  definition, 

. 

=  X*  (!) 

1  J  *  cut .  uJ  V3 

and  the  compression  ratio  is  ^ 

V  i 

rv  =  VI  (2) 

Referring  to  the  accompanying- figure  and  using  the  given  data, 
note  that 

T34*=  ii49°*C  1422°K 

T*  =  1593°C  =  1866°K 

V  3 4  =  "0. 0042  m3  :  ■  '  k  - 

* 

:  $"■.  t?:  ’  ^  « 

P3  =  P4*  ■  . 


*  * 


and 


Process  3-4  is  a  constant  pressure  process  and  so 


*  u  * 

■  or  ^  ^  „  vv  -■ 

$  h-V  t 

v  -m r  *f 

t  .  a  --  ,  • 

■  -  (f  *  J  ‘Jtp  <. 

*’  !  !  |  w  j  j  ]/ 

From  eq .  ( 1 )  , 

' ...  *• 


v3 


v;m=,v3/t 

1  *  * 

"J.  .  i  . 


a  *&:■ 


'=  0.0042 


( 1866\  * 

*  1422  I 

'  j  t  ;  *  ■  l  ,  . 

=  iO.  0055  m3  3  , 

■*  A  a  ■  .m!  ' 


* 


_  0.0055 
cut  0.0042 


-  1.31 


and  from  eq.  (2) 


r  =  0. 0708  =  t 
v  0.0042  lb*86 


4V< 


i 


/  \ 

(b)  In  the  cycle,  heat  is j added  during  processes* 2-3  and 
3-4,  and  is  rejected  during  process  5-1  (as  shown  in  the 
figure).  The  heat  added  to  the  system  in  the  cycle -is 


Q 


m 


=  ,.m|(ui-u2)  +  (tn-h3)j 


(3) 


Heat  is  rejected  .during,  the  constant,.volume  process  5-1  and 
can  be  found  as  *■ 


r  Qout  =  m^s-ux) 


(4) 


540 


From  the  given  data, 


u. 

Ti  =  27°C  =  300°K 
Vi  =  0.0708  m3 

Using  the  air  tables,  the  relative  volume  at  1  is 


From  the  relation 


v  =  144.32 
ri 


obtain 


=  8.56 


For  this  value  of  v  ,  from  the  air  tables, 

r2 

T2  =  875°K  =  605°C 
..  Uj  =  656.46  kJ/kg 

and  from  the  known  values  for  T3  and  , 

u3  =  1133.93  kJ/kg 
h3  =  1542.14  kJ/kg 
h4  =  2085.96  kJ/kg  k  * 


The  mass  of  air  at  the  beginning  of  compression  is  found 
by  using  the  ideal  gas  equation  of  state. 


m 


-  Ik 

RTi 


-  100(0.0708) 
0.287(300) 

=  0.0822  kg 


> 


Substituting  the  numerical  values  into  eq.  (3),  , 

Qin  =  0.0822  [(1133.93-656. 46)  '«■ 

+  (2085.96-1542.14)] 
=  0.0822(477.47  +  543.82) 

Qin  =  83.95  kJ  , 
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Next  consider  the  heat  rejected  by  the  system 'during  the 
constant  volume  process. 5-1. 


At  4,  the  relative  volume  is  found  from  the  air  tables  to  be 

v  =  0.812  * 


and  since 


V5  =  0.0708  m3 , 


v  =  v 
r  s  r4 


=  0.812 


0. 0708 
0. 0055i 


=  10.45. 

tu  - 

For  this  relative  volume,  using  the  air  tables,  obtain 

Ts  =  819°K 


us  =  607.87  kJ/kg 


•l  f:  if .  & 


ux  =  214.09  kJ/kg 


From  eq  .  (4)  ,  then 


-=0.0822  (607.87-214.09) 


=  32.37  kJ 


(c)  The  thermal  efficiency  of  the  cycle  is 

»  Q  •  —  Q  . 

_  1  m  out 

..  ■  i  '3  .. ,  >  ’ 

83.95-32.37. 

83.95 

..  1  ’  *  '  ■'  '  :  =  0.614 


nth  =  61 .4% 
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•  PROBLEM  9-18 


A  dual  cycle  engine  has  a  temperature  and  pressure  at  the 
beginning  of  isentropic  compression  of  180°F  and  14.7'psia. 
The  compression  ratio  is  10  and  the  maximum  pressure  is 
1030  psia.  The  total  heat  supplied  per  lbm  of  air  is 
720  Btu.  Determine  the  following: 

(a)  pressure  and  temperature  at  all  the  salient  points 

(b)  air  standard  efficiency. 


i 


Solution:  In  a  dual  cycle,  the  heat  is  supplied  to  the 

compressed  air  partly  at  constant  volume  and  partly  at 
constant  pressure.  :r 

Given,  the  pressure  and  temperature  of  air  at  the  beginning 
of  isentropic  compression, 

•  i,  .  •  '  ;j  ;.t  %.  "  b 

i.e. ,  Pi  -  14.7  psia 

s 

Tx  -  180°F 

i 

=  (180  +  460)  =  640°R 


The  pressure  and  temperature  after  isentropic  compression 
are 

Pj  =  <kair  =  1-4)  ,, 

*  14.7  (10)1-4  =  369.25  psia 

•tj 


5^3 


=  640  (10)1*4-1 


1608°R 


r-s!  '  ■ 

*• 

The  pressure  after  the  constant  volume  heating  is  the 
maximum  pressure  of  the  cycle.  - 

*  »  »  •  -»  ■ 

Therefore,  .  P3  =  1030  psia  .  *  • 

Since  2-3  is  a  constant  volume  heat  addition  process,  on  the 
basis  of  the  perfect-gas  equation, 


■  1608  (tob) 

=  4485° R  ,  f 

4  f 

Assuming  constant  specific  heats,  the  heat  added  at  constant 
volume  is  given  by  ^  * 

/  /'  '  f 

Qr  =  Cv(T3-T2) 


J  =0.171(4485-1608) 

t  ^ 

=  491.97  Btu/lbm 

Therefore,  heat  added  during  constant^  pressure  process  is 
the  difference  between  the  total  heat  supplied  and  the  heat 
supplied  during  constant  volume  heat  addition  process. 

i*e.,  Q2  (heat  added  at  constant  pressure) 


?  '  =  720-491.97 

f  .  s  *  . 

=  228.03  Btu/lbm  '» 

i.e.,  C  (T4-T3)  =  228.03  ?  - 

P  >  > 

Substituting  the  values  of  Cp  and  T3  and  evaluating  the 
value  of  T.*, 


0.24  (T4  -  4485)  =  228.03 


_  228.03 

T-  ■  5724"  +  4485 

=  5435°R 


Since  3-4  is- a  constant  pressure  heat  addition  process,  the 
cut-off  ratio  is  given  by 

■  «  S>  i  l>  -  =  V  4  __  T  4 

cut  “  v7  =  ¥7 

*  5435- 

4485 
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■ 


=  1.212  ; 


Therefore,  the  expansion  ratio  ^  ;  # 


since 


But 

Therefore, 


•  p  Vs  =  Vs  |V3  ,  -  * 

e  V4  V2  x  V4 

r- 

v  2  =  V  3  •  :• 

* 

Vt  Vi 

—3.  =  as  compression  ratio 
V  2  v  2 

R  -  iQ 
e  1.212 


=  8.251 


Process  4-5  is  an  isentropic  expansion  process.  Thus,  the 
pressure  and  temperature  at ■ the  end  of  expansion,  i.e.. 

Ps  and  T s,  are  given  by  the  isentropic  relationships 


1  •  G  •  j 


and 


Jk 


1030  > 
(8. 251)1*4  JS 


'  *  P5  =  53.67  psia 

•  ■» 


i.e., 


tr 


*  l  v  5435'  '  '  :  l3iJ  f 

:  i  (8.251  )1’4'1  .r  -  :  m 

!|-  ■  *■  • 

Ts  =  2337°R. 

-  y  ‘  ■  .!•  T  -  A:*  "■  <  ■ 

«*♦.  . .  I  >*'  V  ■'  ■- 


<b)  Heat  rejected  during  constant | volume  heat  rejection 
process  5-1  is  given  by  (assuming  Constant  specific  heats) 

Q  =  C  (T5-T1) 
r  -v  ’  -gi.  -  **  * 

=  0.171(2337-640) 

>  ■  ii  ^ 

=  290.19  Btu/lbm, 
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720  Btu/lbm 


and  the  heat  supplied  . 

Qs  - 

Therefore,  the  thermal  efficiency  of  the  cycle  is 

Qs"Qr  v 
nth  '  “Q—  1 


=  1  '  Qs 


=  1  - 


290^19 


=  0.5969 


i. e.  , 


=  59.69% 


r  ,  •  PROBLEM  9-19 

A  dual  cycle  oil  engine  has  a> compression  ratio  of  10  and  an 
expansion  ratio  of  5.5. /The  air  pressure  and  temperature  are 
initially  14.7  psia  and  540° R.  The  heat  supplied  at  constant 
pressure  is  twice  the  heat  supplied  at  constant  volume.  If  the 
expansion  and  compression  follow  the  law  PV13  =  constant, 
compute  the  following:  ,, 

,v  f 

(a)  Pressure  and  temperature  at  all  salient  points 

(b)  Mean  effective  pressure  of  the  cycle 

(c)  Efficiency  of  the  cycle 

(d)  H.P.  of  the  engine,  if  there  are  500  cycles/min. 

Take  the  bore  of  the  cylinder ‘ to* be  10  in  and  stroke  length 
of  the  piston  to  be  16  in. 

Solution :  Given  the  pressure  and  temperature  of  air  at  the 

beginning  of  isentropic  compression  process  to  be 

'  Pj  =  14. 7  psia-  4  1 

r  \ 

Tj_  =  540°R 

the  pressure  and  temperature  after  compression  are 

'  '  ‘  /V  \ n 
p!  =  p'&)  (n  '  J-3) 
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and 


=  14.7  (10)1*3 


P2  =  293 . 3  psia 


t2 


T 

n- 1 


=  540C10)1*3'1 
=  1077°R 


Given  that  heat  added  during  constant  pressure  process  is 
twice  that  of  during  constant  volume,  then,  for  constant 
specific  heats, 

Cp(T„-T  3 ) v  =  - 2Cy(T  3~T2 )  '  (1) 


Now  consider  the  constant  pressure  process  3-4.  From  ideal 
gas  relations. 

=  Is.  i  Vj*  Vs* 

T3  v3  v5  x  V3 

But,  since  Vi  =  V5  and  V2  =  V3 

n  ■■ 

V  c  .  _  _ 

and  y-2-  =  expansion  ratio  =  5.5  ,  j: 

V-  .  M,  .  r 

li  =  Vi  V,  i 

?*  ‘  X*  .  v\  *  *  - 

..  "■  r.n 

=  2SL 

5  •  5  *  *  .  LJi-  ?-:i  * 

9 

=  1.82 

V  T4  =  1 • 82  T3 

5^? 


or 


Substituting  into  equation  (1) 


0.24  (1.82  T,~T3)  =  2x0.17  (T3-1077) 
/ 

(0. 24) (0. 82  T3)  =  0.34  T3  366.18 


f 


i.e.  , 

or  T3  =  2557°R 

and  from  the  constant  volume ^process  2-3, 


For  the  state  4, 


and 


✓ 

rP3  =  P2 


/T 3\ 
\T2/ 


■  (is?) 

=  696.35  psia 


■  <.  J  k  9. 

Pi»  =  P 3  696.35  psia 

T4  =  1.82  T3 

■  'V-  ■ 

=  1.82  (2557) 
,  ,  ,  =  4654°R 


For  the  state  5, 


and 


696.35 


(5.5)  3 

=  75.92  psia 
1 


T,  =  T, 


ly\  n~l 

•Ws/  ; 


4654 


(5.5) 


1.  3-1 


=  279l°R 

y  t 


(b)  The  mean  effective  pressure  of  tne  cycle  is  given  by 


mep  = 


(Rc-i) 


P3(P-D  + 


P4P-P5R  P2-PjR 


n-1 


n-1 


where  Rc  =  compression  ratio 


p  =  cut-off  ratio 


vSJ 
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Substituting  the  values,  <  4  %  jj, 

i  cqc  ic ; / 1  on  1  \  _l  696. 35(  1.82)  ~  75.92(10) 
(10. IT  696 .  o5(  1 . 82-1 )  +  - - ^  3-1  j  - - 


mep  = 


293.3-14.7(10) 
;■  (1T3-1) 


=  197.47  psia. 


(c)  The  stroke  volume  is 


V  =  -  d 2  *  L 
s  4 

if  jjju-- 

_  tt  /  10  \  lie 
4  12  112 


=  0.7272  ft3 

The  work  done  per  cycle  is 

W  =  (mep) (V  ) 

s  «.»'■  1  t 

=  197.47  x  144  x  0.7272 
778 

=  26.58  Btu/cycle 

The  volume  of  air  at  state  1  is  given  by 

v ,  =  V  +  v  -II  -  "/ 

sc 


10 


(0.7272) 


3  '  •  =  -  '■? 


i.e. ;  '  Vi  =  0.8O8  ft 

■c  f  ^ 

Mass  of  air  per  cycle  is  given  by  the  perfect  gas  equation 

P1V1  :l 

■"  ‘  !  m  RTl  f  ‘ 

=>  -  .  'M  ■  ...  f  T  *  ■  '  . 

14.7  x  0.808  x  144  '  ■  ' 

53.35  x  540 

i. 

=  0.05937  lbm/cycle. 


The  heat  supplied  per  cycle  is 


=  3  mCv(T3-T2)  from  eq.  (1)  1 


k  ='  3  x  0.05937.x  0.171  (2557-1077) 


t  =  45.08  Btu/ cycle 

*  ■  >  •••■•.  %  £  *  -y 

Therefore,  the  thermal  efficiency  of  the  cycle  is 

_  26.58  *  >•  * 

nth  45.08 

=  0.5896 

or  -  T),.  =  58.96% 

tn 

.{  *  t 

(d)  The  work  done  per  minute  is 

.  .*• 

=  work  done  per  cycle  x number  of  cycles  per  minute 

V  :  '  ‘ 

=  26.58  x  500 
=  13290  Btu/min 


Therefore,  HP  of  the  engine  is 

*  t  t 


13290 

42.42 


=  313.3  HP 


THE  BRAYTON  CYCLE 


^  •  PROBLEM  9-20 


The  adiabatic  efficiencies  of  the  compressor  and  turbine  used 
in  an  air-standard  Brayton  cycle  are  85%  and  90%,  respectively. 
If  the  cycle  operates  between. 14.7  and  55  psia  and  if  the 
maximum  and  minimum  temperatures  are  1500°F  and  80°F , 
respectively,  compute  the  thermal  efficiency  of  the  cycle. 
Assume  constant  specific  heats.*'' 


Solution:  Use  the  accompanying  figure  to  refer  to  the 

different  states.  The  thermal  efficiency  of  the  cycle  is 
calculated  using  the  formula  *  *  * 


i  T  ...T^th :<  Q. 


where 


f  t  -  •’  _  ..  *  i 

w  * .  =  w  '  ,  +  w  *  i 

act  turb.  comp.  - 
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s 


For  this  problem,  the  processes  in  the  turbine  and  compressor 
are  not  reversible,  and  so  the  work  done  will  be  less  than- the 
work  of  the  processes  were  reversible.  Using  the  given  effic¬ 
iencies,  it  can  be  written  -  * 


turb. 


^turb.  x  Wtheo. 


turb. 


where 


comp. 


theo. 


=  h,-ha  -  c  (T,-T„) 


turb. 


theo. 


—  h  2—  h jl  —  ■  CpCTj-Ti  ) 


To  find  the  temperatures  at  states  2  and  4,  use  the 
isentropic  relation 


P  \  k 
a\  .  ■ 


At  state  2 


T2  =  T- 


=  540 


=  787. 6°R 


55 1 


At  state  4  , 


k- 1 
k 


=  1960 

*  \  , 

=  1343. 9°R 


14^7^0.286 

55 


< 


With  these  values,  and  c  =  0.24  Btu/lbm-°R,  from  eqs.  (5) 


and  (6), 


P 


i 


and? ^ }  . 

1  $■  &  r 


w 


theo 


turb 


-w 


theo. 


=  0.24(1960-1343.9) 


=  147.9  Btu/lbm 


q,'  ••!  ‘V  '%  -  *  *’  ■**'*■ 

=  0.24  (787.6-540) 


comp 


=  59.42  Btu/lbm 


*  W"  i 

Substituting  into  eqs.  (3)  and  (4), 


w 


act 


=  0.90  (147.9)  =  133.1  Btu/lbm 


turb 


-w 


act 


comp 

r*  4 

From  eq.  (2) ,  then 


59.42 

0.85 


=  69.9  Btu/lbm 


w  t  =  133.1-69.9  =  63.2  Btu/lbm 

The  only  term  unknown  in*eq.,,(l-)  is  the  heat  added  to  the 
system  during  process  2-3  (Q„).  However, 

j1 


il  * 


q„  ~*h  -h  =  c  (T  -T  )  r 
H  3  2a  p  3  2a  ' 


(7) 


where  T2a  is  the  actual  temperature  at  state  2,  and  can  be 
found  using  the  efficiency  of  the  compressor.  Hence 


__  -  T2-Tx  .  n  Rr 

ncomp  T  -T,  °'85 


or 


2a 


_  2  ~  T-L  1  +  t 
0.85  >  ^ 


^£-*9)  ♦  540 


$52 


831. 3°R 


Eq.  (7)  then  gives 


f 


q  =  0.24  (1960-831.3) 

\  H  '■  i 

I*  =  270.89 


Finally,  using  eq .  (1), 
calculated  as 


n 


th 


the 'efficiency  of  the  cycle  is 


63.2 

270.89 


fi 

0.233 


or 

"th  =  23-3X 


1  r 

•  PROBLEM  9-21 


A  regenerator  of  75  percent  effectiveness  is  used  in  an 
air-standard  Brayton  cycle  working  between  pressures  of 
15  psia  and  75  psia,  as  shown  in  Figure  1.  Determine  the 
work  per  pound  of  air  and  the  efficiency  of  the  cycle  if  the 
maximum  and  minimum  temperatures  of  the  cycle  are  1700°R  and 
550°R  ,  respectively. 


Regenerator 

v  •  4 

(a) 


Solution:  By  adding  a  regenerator  or  heat  exchanger  to 

transfer  heat  from  the  turbine  exhaust  gas  to  the  gas  leaving 
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Fig.  1  Brayton  cycle  with  regenerator. 


*  •»  "  ■ii  'k  '■  ■  " 

the  compressor,  the  heat  supplied,, externally  is  reduced,  and 
therefore  the  efficiency  of  the  cycle  is  increased.  To  solve 
this  problem,, first  consider  the  idealized  cycle  without  a 
regenerator.  From  Fig.  2,  the  minimum  temperature  occurs  at 
4  and  the  maximum  at  2.  Furthermore,  the  heat  added  and  the, 
heat  taken  out  are  „ 


«in  ■  °p<T*-Ti> 


(1) 


and 


cp ( T  3  -T  4 ) 


f?-  -  -  Qout 

For  the  reversible  adiabatic  processes  4-1  and  2-3, 


1  Ti  a  / Pi\ 

i  T4  \P4/ 


( k-i  )  /k 


(2) 


t — . 


(3) 


and 


i 


L 


T2 

t3 


■(») 


(k-i  )/k 


However,  Pi  ='  P2'and  P3  Then  | 


L 


From  eq .  ( 3  > , 


Pi  =  P2  ^  ‘75  ^ 

P  4  P3  15  0 

! Lt 


(4) 


Tx  =  550(5)(  m-i)/ !•** 

t  f*j  *.  %  '  i  «"  ,  .  ■ 

'  *  *  /  = '  870° R  1  ,J-  ' 


55^ 


From  eq.  (4), 


T,  = 


1700 


3  "  (5,<i.*-o/»> 


=  1075°R 


From  eq.  (1),  with'cn  =  0.24  Btu/lbm-0 R, 


Q.  =  0.24(1700-870)  =  199  Btu/lbm 
in 

and  from  eq.  (2) ,  j  ^ 


Q  ^  =  0.24  (1075-550)  =  126  Btu/lbm 
out 


Hence 


Wnet  ^in  ^out 

=  199-126 

=  73  Btu/lbm 
? 


When  the  regenerator  is  added,  the  maximum  temperature  to 
which  the  cold  gas  can  be  heated  is  the  temperature  of  the 
hot  gas  entering  the  exchenger.  However,  this  could  be 
achieved  only  with  an  infinitely  large  heat  exchanger 
operating  reversibly.  In  a  real  case  the  temperature  at  la 
cannot  reach  the  temperature  at  3.  To  determine  the 
temperature  at  la,  the  effectiveness  of  the  regenerator  is 
used.  Therefore,  r 

■  V~*  '  * 


e 


Since  e  =  75%,  solving  for  Tla  gives 


T 


ia 


e(T3-Ti )  +  T1 


=  0.75(1075-870)  +  870 
=  1024°R  ' 


To  obtain  the  temperature  at  3a,  perform  an  energy  balance 
for  the  regenerator. 


VT>a-V  “ 


VT  =  'T’a) 


T  -T 
ia  i 


=  T  -T 
a  3  a 


555 


or 


V 


556 


or 

n  =  45% 

Compare  this  efficiency  with  36.7%  for  the  same  cycle  without 
a  regenerator. 


f  „  I 

•  PROBLEM  9-22 

An  internally  reversible  air-standard  Brayton  cycle  receives 
air  at  27°C  and  103  kPa.  The  upper  limits  of  pressure  and  . 
temperature  of  the  cycle  are  517  kPa  and  316°C.  Determine 
the  thermal  efficiency  of  the  cycle,  assuming  constant 
specific  heats.  I1 


Solution:  The  efficiency  of  the  cycle  is  defined  as 

-  . 


w 


net 


Q 


where 


added 


W  =  w,  +  W 
net  t  c 


(i) 


(2) 


;  ^added '  *^in 

l  *  '•  ’  *  *  + 

Therefore^  in  order  to  calculate  the  cycle  efficiency,  the 
turbine  and ■ compressor : work ,  as  well  as  the  heat  added  to  the 
the  air,  must  be  determined.  Next,  consider  the  compressor 
and  turbine  to  be  adiabatic,  and  since  it  has  been  assumed 
that  they  are  internally  reversible,  the  expansion  and 
compression  processes  are  isentropic.  For  the  turbine, 


turb. 

and  for  the  compressor, 

w 


f 


=  C  (Tl~T2) 
compr .  *  p 


(3) 


(4) 


Using  the  isentropic  relation 


Pa\(Y-0/Y 


J 


the  temperature  at  the  end  of  compression  can  be  found  as 

>V(Y-i  >/ Y 
/  ^ 
t2 


I  Pi\ 

■  Tik) 


=  300 


\  103/ 


=  475.67°K 

i  \ 


and  at  the  end  of  expansion,  t 


T4  =  T: 


v  CY-i)/Y  '  >  V  \ 


=  589 


103 


517 
= ■371;47°K 


( 1.4  -  i  )/{* 
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From  eq.  (3),  with  cp  ~  1.0035  kJ/kg,  *  ^ 

1.0035(589-371.47) 


W 


turb. 


218.3  kJ/kg 


From  eq .  ( 4)  > 


compr 


1.0035(300-475.67) 

K 

-176.3  kJ/°K 


The  heat  per  kg  added  to  the  air  is 

Q.  =  h3-h2 "=  c  (T.-T 2 ) 
^in  3  2  p  3  z 


or 


Q.  *  1.0035  (589-475.67) 

m  *  i  t 

*  113.73  kJ/kg  ‘ 


From  eq .  ( 2 ) , 


W  .  =  218.3  -  176.3  =  42  kJ/kg 
net 


Finally,  using  eq.  (1),  the  cycle  efficiency  is  found  to  be 

42 


n  - 


113.73 


0.369 


or 


r. 


n  =  36.9% 


Note  that  the  efficiency  of  the  cycle  could  have  also  been 
found  using  the  formula 

\\ 

, ^  ,  ( Y-i ) /Y 

n  =  1 


-ife) 

-  •  -  (ss) 

=  0.369 
=  36.9%. 


(  1.4-1  )  /l.  4 
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ANALYSIS  OF  RECIPROCATING  AIR  -  COMPRESSORS 


•  PROBLEM  9-23 


Air  is  compressed  from  15  psia,  80°F,  to  90  psia.  Compare 
the  work  done  and  the  heat  transferred  per  pound  of  air 
according  to  the  following  processes: 

(a)  reversible  adiabatic,  ^  v  •>  ^  .  . 

(b)  reversible  isothermal,  and 

(c)  reversible  pv1"3  *  constant. 


r’t  'zl*  ■■■  '•  • 

Solution:  From  the  equation  of  state  for  air, 

•  *  -f  -  V 

PaVi  -  RTi 

=  (53.34X540) 

-  *  ,  * 

The  index  for  this  reversible  adiabatic  process  is  taken  as 
1.4  (u  ,  k  =  1.4  for  air).  .... 

The  work  done  during  the  compression  process  is  given  by 


( i.*t  -i ) 


Wk,=  kTi  RT  (If) 


( 53. 34 ) ( 540) 


=  ( 100813 ) (1.67-1) 


90\  1 

15 

*  v 


=  67  545  ft  Ib/lb 

■7  ,  7. 

For  a  reversible  isothermal  process,  the  work  done  is 


W.  =  RT  In'  — 
t  Pi 


( 53. 34 ) ( 540)  fln  yg  > 


=  51,609  ft  lb/lb 

V  V  '  l  I 

For  a  reversible  pv1*3  =  constant ‘  process ,  the  work  is 
obtained  by  using  n  =  1.3.  1 


W „  =  4^1  ( 53 . 34) ( 540) 
n  u .  o 


(sr 


=  (124,816)  (1.51  -  1) 
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=  63,656  ft  lb/lb 


The  heat  transfer  for  an  adiabatic  process  =  0.  For  the 
polytropic  process,  the  heat  transferred  is 


=  -16.0  Btu/lb. 

The  heat  transferred  from  the  air  is  16.0  Btu/lb.  For  an 
isothermal  process  with  a  perfect  gas,  the  heat  transfer  is 
equal  to  the  work.  In  this  case,  the  heat  transferred  from 
the  air  is  51,609  ft  lb/lb  or  66.3  Btu/lb. 

Most  tests  on  reciprocating  air  compressors  with  water- 
cooled  cylinders  show  that  it  is  practical  to  cool  the  air 
during  compression  to  correspond  to  a  polytropic  exponent 
n  in  the  vicinity  of  1.3.  The  usefulness  of  cooling  for  a 
work  reduction  in  the  compression  process  is  clearly  shown 
in  this  example. 


•  PROBLEM  9-24 


A  single-stage  double-acting  air  compressor  having  a 
clearance  of  6.25%  and  a  stroke  volume  of  0.06  m3  draws  in 
air  at  100  kPa  and  delivers  it  at  700  kPa.  The  compression 
follows  the  law  PV1*3  =  constant.  If  the  compressor 
operates  at  400  rpm,  calculate  the  power  required  and  the 
volume  of  air  delivered  per  second. 


561 


Solution:  A  double-acting  reciprocating  air  compressor  has 

two  delivery  strokes  per  revolution  of  the  crankshaft.  Hence 
there  are -two  cycles  (i.e.,  one  occurring 'on:  each  side  of  the 
piston)  per  revolution  of  the  crankshaft.  -  14 

Referring  to  the  figure,  the  work  required  per  cycle  is  given 
by  *  *  .  :  "  - 


=  y . -TV“  P  1  C  V  i- V  4  ) 

cycle  (n-1) 


P_2 

Pi 


n-  i 
n 


-1 


where 


i 


n  =  index  of  compression 


( V i-V  ^ )  =  volume  of  airftaken  in 


From  the  figure, 

Vl  -  (Vi-Va)  +  V3 

«  h  • 

where  ■  Vx-Vf  stroke  volume  1 

t  :  -*  -■  ••  •  ;  =■  - 

W  l~  clearance  volume 


v3  =  ^M\’o‘.06 


•  .  i, 

>  t  ; 

Hence, 


100 

-r-  - 

=  0.00375  m3  *-«> 
Vi  =  0.06  +  0.00375 
=  0.06375  m3. 


xi  v  v 

:il 


From  the  isentropic  process  3-4, 


VV.=  ,V3  ^ 

i-  i  \  ' 


*  =  0.00375 


700  x-3 


100 

=  0.01675  m3 

hence,  Vx-V4  =  0.06375-0.01675 
=  0.047  m3 


Therefore, 

W 


1.3 


cycle  (1.3-1) 


/ 


(100X0.047) 


f  « 
*  l 


1.3-1 
700 *  **3 
100, 


-1 


=  11.54  kNm 
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The  power  required  to  run  the. compressor  at  400  rpro ; is 


W  =  11.54  x  2  x 


=  153.87  kW 

The  volume  of  air  delivered  per  cycle  is 

vd  =  V2-V3 

From  the  isentropic  process  relation  for  the  process  1-2, 


V2  =  '  * 


-  °-063J5  (tss);1" 


=  0.01427  in3 


Therefore, 


V.  =  0.01427-0.00375 
a 

=  0.01052  m3 

Therefore,  volume  of  air  delivered  per  second  is 

0.01052  x  2  x  1 

60 


=  0.14  m3/ 


•  PROBLEM  9-25 

An  air  compressor  takes  in  air  at  14.7  psia  and  72°F  and 
compresses  it  isentropically  to  55  psia.  If  the  clearance 
volume  is  Vi6th  of  the  stroke  volume,  determine 

(a)  the  stoke  volume  in  cubic  feet  per  minute  to  compress 
80  ft 3 /min  of  air  at  inlet  conditions, 

(b)  the  volumetric  efficiency,  and 

(c)  the  power  needed  to  run  the  compressor. 

Assume  the  expansion  process  to  be  isentropic.  ; 

Solution ;  The  piston  displacement  or  stroke  volume  may  be 
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1 


defined  as  the  volume  swept  out  by  the  piston  as  it  moves 
from  the  center  of  the  top  to  the  center  of  the  bottom. 

Referring  to  the  figure,  the  stroke  volume  is  (V2-V.4)  and 
the  clearance  volume  is  Vi*. 

“I ^ 
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.1  V- 


1 "  2 . 566 


Substituting  equations  (1)  and  (2)  into  (4)  to  calculate  V: 


Vz  ~  8,0  2.566 

V  2 


Simplifying, 


V 2  =  >94.22  ft 3 /min 


From  equation  (1)  ,  Vi  *  14.22  ft 3 /min 
and  from  equation  (2;,  Vu  =  5.54  ft3/min. 

Therefore,  the  stroke  volume  V2-V4  =  94.22-5.54 

9  i  .  .  j 

1  '  :  x  ■ 

=  88.68  ft 3 /min 

Cb)  The  volumetric  efficiency  is  given  as 


v2-v,  • 

_  94.22-14.22 
94.22-5.54 

=  90.2%  . 

(c)  The  power  required  is  given  by 


W  =  kTi  Pi(Vj_Vl)  (^)  -1 


x  100% 


=  aHrn(14-7  x'144><,80)  (it 77)  1-4  -1 


i.e.  , 


W  =  271398  ft-lbf/min. 
W  =  8.22  hp 


•  PROBLEM  9-26 


A  reciprocating  refrigeration  compressor  uses  Freon-12  as 
the  refrigerant.  The  gas  enters  at  20  lbf/in2,  60°F  and  is 
compressed  to  180  lbf/in2.  The  single  cylinder  compressor 
has  a  bore  of  2.0  in,  a  stroke  of  2.5  in  and  a  rpm  of  1800. 
Calculate  the  volumetric  efficiency  of  this  compressor  if 
the  mass  rate  of  flow  of  refrigerant  is  2.5  lbm/min. 
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Solution:  The  volumetric  efficiency  of  a  reciprocating 

compressor  may  be  defined  as  < 

r  -v  *  -  *  •  "  {l  ’  i  t  •  •  ,  -  v  *  J 

■  actual  mass  of  gas  compressed  per  cycle _ 


mass  of  gas  occupying  stroke  volume  at  inlet  conditions 

**  ~ 

The  mass  of  refrigerant  occupying  stroke  volume  at  inlet 
conditions  is  given  by  the  product  of  stroke  volume  and  the 
density  of  the  refrigerant  at  20  psia  and  60°F . 

“  t  l  ) 


At  20  psia  and  60°F  ,  the  refrigerant  Freon-12  is  in  the 
superheated  region. 

•  ••  .  ,7  -  *  -ct  .  , 

From  the  tables  ,  its  specific  volume  v  =  2.234  ft  /lbm 


The  stroke  volume  is  given  by 


~-d2l  ' 
4 


_  it  /  2  W 2.5 
4  12  I  '*12 


=  4.545  x  10”  ft3 

x  ;  cu 


Therefore,  the  mass  of  refrigerant  occupying  stroke  volume 
is 


f  I’.  4.'-5|?234°  3  =  2  • 03  k  10' 3-  .lbm 


A  Ui  . 


The  actual  mass  of  refrigerant  compressed  per  cycle  is 

~~  =  1.389  x  10~3  lbm 


Therefore,  the  volumetric  efficiency  is 


1.389  x io 

- : - —  x  100% 

2.03  x- 10  3 

-J  j  .  *  , 

'  ’  =  68.4%". 
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•  PROBLEM  9-27 


A  12  x 15  in  double  acting  air  compressor  draws  in  air  at 

14  psia  and  90°F  (point  1  in  figure).  ‘It  has  a  clearance 

of  5%  ,  runs  at  150  rpm  ,  and  discharges  at^50  psia. 

Compression  is  taken  as  polytropic,  with  n  -  1.3. 

(a)  Calculate  an  approximate  value  for  the  free  air  from 
conventional  volumetric  efficiency. 

(b)  As  air  passes  through  the  compressor  ,  calculate  the  heat 
transferred, 

(c)  the  change  of  enthalpy  ,  and  ,  r  v 

(d)  the  conventional  HP.  ,  * 

(e)  Using  air  tables  ,  calculate  the  available  part  of  the 

heat  for  t  =  60°F .  <• 

Take  atmospheric  pressure  and  temperature  to  be  14.7  psia  and 

70°F ,  respectively. 


Solution :  Since  the  compressor  is  double  acting 

N  -  2  x 150 


=  300 


VD  * 


Lx  N 
4 

TT  X  ( 12 ) 2  x  15  X  300 
4  x 1728 


The  displacement 
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I 


14  x  144  x  270 


53.3  x  550 
=  18.57  lb/min 


c  =  0.1714  for  air 
v 


k  =  1.4 
Then 


c  =  c 
n  v 


k-n 


1-n 


0.1714  x  (1. 4-1.3) 
1-1..  3 


=  -0.0572  Btu/lb: 


Q  =  m'c  AT 
.  n 


-1  =*18.57  x  (-0.0572)  x  (738-550) 
=  -199.7  Btu/rain 

which  means  that  heat  is  rejected.!  *  j  >  t ,  • 


(c)  Change  of  enthalpy  for  cp  =  0.24  is 


AH  =  m’c  AT 
P  , 


=  18.57  x  0.24  x  (738  x  -550) 
=  837.9  Btu/min 


(d)  For  work,  the  equation  is  V 

.  W  =  -  AH  +  Q 

=  -837.9-199.7 
=  -1037.6  Btu/min., 


Therefore 


UT1  _  1037.6 
HP  '  "42 ~ 

*4  ■ 


X  Jy  :  c-y 

V  r 


L?tl  =  24.5  hp.  (since  42.4  Btu/hp^min} 


(e)  From  the  air  tables.  Si  =  0. 


60514 


2  =  0.67599  c\c  :J  sjl 


h  "  i  $ 

--  ■.«  *■  *s=  •  ■»  *  ) 
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/ 


j 

j 


. .  change  in  entropy 

As  =  s2  -  Sl  -  £  in  ^ 

J  pj 

“  0.67599  -  0.60514  -  0.0685  In  — 

14 

or  As  =  -0.01635  Btu/lb-°R 

i.e.,  there  is  a  decrease  in  entropy. 

Unavailable  heat,  of  the  total  amount  of  heat  is 

Eu  =  m*  Tq  as 

=  -  (18. 57)(520)(0. 01635) 

=  -157.88  Btu/min 

E  =  -199.7  +  157.88 

a 

-  -41.8  Btu/min 

is  the  available  part  of  the  heat. 


THE  GAS  TURBINE  CYCLE 


•  PROBLEM  9-28 

A  gas  turbine  cycle  with  a  stage  of  reheat  and  regeneration 
operates  under  the  conditions  given  below,  as  illustrated 
in  the  figure.  The  turbine  efficiencies  are  86%,  and  the 
compressor  efficiency  is  81%.  Furthermore,  the  work  output 
of  the  high  pressure  turbine  is  just  enough  to  drive  the 
compressor.  Determine  the  pressure  at  which  the  reheater 
operates . 

T j  =  T 3  =  1300°  K ,  T6  =  3000°  K ,  P,  =  P7  =  P6  =  450  kPa, 

P„  =  P5  =  P6  =  100  kPa 


>  Solution:  In  solving  this  problem,  note  that  the  pressure 

drop  in  the  reheater  is  very  small,  and  thus  neglected  in  this 
problem.  That  means  the  pressures  at  states  two  and  three  are 
assumed  to  be  equal,  and  thus  only  the  pressure  at  state  two 
will  have  to  be  calculated. 

First  consider  the  compressor  alone.  For  the  reversible 
Cisentropic,  subscript  s)  process  it  can  be  written 
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1 


=  300 


=  461. 1°K 


(  1.4-1  )/l.  4 


Then,  using  the  equation  of  the  compressor  efficiency 


W" (T,  -T  ■) 
S'  P  7s  6 


>  .comp  W  mC  (T7  -  T6  ) 

<A  P 


the  temperature  and  thus  the  work  for  the  actual  process  can 
be  found  as 


\ _ 


T?  =  t6  + 


=  300  + 


T  -T 
7S  6 


461.1-300 


j _ _  _  _  =  498.9°  K  _  ,  ^  „ _ .*  .  I 

Since  the  work  output  of  the  high  pressure  turbine  just  equals 
the  work  input  to  the  compressor,  then 

W.  ,  =  W 

turb.  „  ^  comp.  j 


mC  (T1-T2)  =  mC  <T7-T6) 


Solving  for  T2(  one  gets*^  ’*  x  . 

T2  =  Te-T?  +  'tj.  V  > 

%  X  ' 

=  300-498.9  +  1300  ' 

v  v.  ’ 

=  1101. 1°K  ^  .  1 

\ 

Now,  if  the  temperature  for  the  isentropic  process  can  be 
found  at  state  two,  then  the  use  of  the  isentropic  relation 
given  by  equation  (1)  will  .give  the  pressure  at  the  entrance 
of  the  reheater,  since  the  pressure  is  the  same  for  both  the 
reversible  and  irreversible  processes. 


Considering  the  high  pressure  turbine  alone,  and  since  the 
efficiency  of  the  turbine  is  known  and  also  given  by  the 
equation 


nturb  ff. 


mCp(T1-T2 ) 

^VV 


the  temperature  for  the  reversible  process  at  state  two  is 
found  to  be  , 


T  =  t  + 
2S  1 


T2-  Ti 
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•  PROBLEM  9-29 


1.  In  an  air  standard  gas  turbine  cycle,  air  at  14.5  psia 
and  70°F  is  first  compressed  to  80  psia  in  a  compressor  of 
82  percent  efficiency.  The  hot, air  leaving  the  combustion 
chamber  at  1250°F  is  expanded  back^to  14.5  psia  in  a  turbine 
of  85  percent  efficiency. 

Determine  (a)  compressor  and  turbine  work  quantities,  and 
(b)  thermal  efficiency  of  the*cycle.i  '•  — - 

2.  If  a  regenerator  is  inserted  into  the  cycle  to  heat  the 

air  leaving  the  compressor  to  650°F,  determine  the  thermal 
efficiency  of  the  cycle  and  the  effectiveness  of  the 
regenerator.  _ 


Solution:  Referring  to  the  T-s  diagram,  points  (5)  and  (6) 

refer  to  the  second  part  of  the. problem  where  a  regenerator 
is  inserted. 

Using  air  tables  to  solve  the  problem  to  get  better  accuracy, 

-  •  K-  +  '  iti  • 

for  the  given  inlet  state  1,  -  -ji: 

T  =  70°F  =  530°R 

it  .'i  ' 

p  =  14.5  psia 

from  the  air  tables,  corresponding, 

p  =  .1 . 2983  ’ll 

pr  i 

hi  =  126.66  Btu/lbm 

i 

The  relative  pressure  at  the  compressor  outlet,  that  is,  at 
state  2,  is  given  by  ..  .  !.-,!» 
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* 


The  enthalpy  at 
approximated  by 


state  2s  corresponding  to 
interpolation. 


p  can  be 

r2 


h  =  206.57  Btu/lb 
2  S 

4  " 

From  the  definition  of  the  efficiency  of  'the  compressor, 

•  1  «'  .  t  .  ......... 

h  -h 

h2  =  hl  +:._i§ — i 
^comp 

” „„  .  206.57-126.66 

"  126‘66  +  - q782 - 

!  -  i  -  C  ■  .  '  L'  !  1 

h2  -  224.11  Btu/lbm 
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Given  T3  =  1250°F  *■■■«  "  -  ‘  ■ 

=  1710°R  , 

the  corresponding  values  from  the  air  tables  are 


Hence 


p  =  93.156 

r3, 

h  3  ,=  425.30 


p  =  p  | 

,r u  f.  r3lp3 


*  * 


93.156 

..  i 


14.  b\ 

80  },/ 


p  =  16.88  .  ; 

^r4 

Again  employing  the  air  ^tables  , * 

h  =  263.57  Btu/lbm 
4S 

T  =  1090°R  1 
•♦s 


From  the  definition  of  the  efficiency  of  the  turbine, 


h-  =  h3  “  nturb  t(n3"h4S) 

=  425.3-0.85(425.3-263.57) 
=  287.83  Btu/lbm 


Therefore  ,  the  compressor  work  quantity  is 


h ,-h ,  =  224.11-126.66 

=  97.45  Btu/lbm l’ 

r  ,  ‘  '  t'  •/'  ’  :  * 

The  turbine  work  quantity  is  »  v :  * v' 

-8** 

h3-h4  =  425 . 30-287 . 83 
=  137.47  Btu/lbm 


,.^n 


*  .»■ 

<  o 

*  .s*i  . 

>  ■  •  irr.- 1  •  i#>  1 
*t£.  1  f 


(b) 


The  thermal  efficiency  of  the  cycle  is  given  by 


(hs-hQ  ~*(h2-hi)  v  . 

^th  hs-  h2 

t .  •• 

(425.30-287.83)  -  (224.11-12 6.66)  x  100^  J'V 
425.30-224.11 

i  i  i  * 


=  19.89% 


2.  By  inserting  a  regenerator,  the  net  work  done  by  the  cycle 
remains  unchanged,  whereas  the  heat  input  is  reduced. 

The  enthalpy  of  air  at  T6  =  650°F  =  1110°R  is 
*  '  ‘i  '  *  1 

h  g  =  269  Btu/lbm 

it 

Therefore,  the  net  heat  transferred  to  the  system  is 

q  =  h  3 -  h6 
=  425.3-269 


=  156.3  Btu/lbm 


Therefore,  thermal  efficiency  of  the  'regenerative  cycle  is 
„  ,  _  137,47-97.45 


th  ’■■■  *  156.3 

=  25.6%  - 


x  100% 


The  effectiveness  of  the  regenerator Jis  given  by 


e  - 


# 

h  e-h2 
ht,-h2 


=  269-224.11 

♦  1  vA*  r  287.83-224.11 

-  ■  *  =  0.7044  . 

(,  e  •=  70.44  percent. 


•  PROBLEM  9-30 


An  air-standard  gas-turbine  engine  operates  on  an  overall 
pressure  ratio  of  4  and  between  the  temperature  limits  of 
70°F  and  1600°F.  Assuming  constant  specif ic  heats, 
evaluate  the  compressor  work,  turbine  work  and  thermal 
efficiency  for  each  of h the  modifications  below.  Assume 
optimum  stage  pressure  ratios,  perfect  intercooling  and 
perfect  reheating. 


(a)  Ideal  cycle  .  *  ■  .  _  j  .  "1 

(b)  The  efficiencies  of  compressor  and  turbine  are  0.82 

and  0.92,  respectively  .7  - 

(c)  To  modify  (b),  a  regenerator  of  effectiveness  0.65 

is  added.  .  , 

(d)  To  modify  (c),  a  two  stage  compressor  with  inter¬ 
cooler  is  inserted.  > 
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Solution:  (a)  For  the  ideal  Brayton  cycle,  the  temperature 

at  the  inlet  to  the  compressor,  i.e.  ,  T]-=  70°F 

or  Tx  =  (70-+ ’460) 530°R  • 

The  temperature  at  the  compressor  outlet,  i.e..  T2 ,  can  be 
obtained  from  the  isentropic  relation 


t2  =  Tl  Ij 


where 


p  j 

=—  =  .  pressure  .rat io 
k  =  ratio  of  specific  heats 


T,  =  530(4)  1*“ 


=  788°R 


Thus 


The  ^'temperature 'at  the  inlet  to  the  turbine  is  •  ' 

$  !  1  i 

T3  =  (1600  +  460) 

=  2060°R  " 


The  temperature  at  the  turbine  outlet,  Ti* ,  is  given  by 


k-i 


For  constant  specific  heats,  the  isentropic  work  done  i 
compressor  is  v  .*• 


s  Tv 


\ 


w  =t  c  ( T_ -T  )  . 

c  i  P  2  1  * 

\ 

=  0.24  (788-530) 

i  *  v\ 


s  X  w  =  61.92  Btu/lbm 


\ 


X 


The  isentropic  work  done*  in  the  turbine  is--. 


wt  "  op<T;-T,-)  ,7- 

=  0.24(2060-1386) 


wt  =  161.76  Btu/lbm 


;  i 


The  heat  added  during  the  combustion  process  is 

..-qA  -  c  <T,-T2)  ...  .  ,  . 

-  i>t>  i  *  M  i  ^  >> !  t 

=  0.24(2060-788) 

=  305.28  Btu/lbm 

Then,  the  thermal  efficiency  is  given  by 


i.  e.  , 


> 

th 


■*  •  •  t  * 


r 


T) 


th 


■  tf 

161.76-61.92 

305.28 

0-327...  ri 

32.7% 


the 


5?8 


(b)  Considering  the  efficiencies  of  compressor  and  turbine 
the  corresponding  cycle  is  1-2' -3- 4' -1,  as  shown  in  figure 
(a).  i  . 

n  , 

The  temperature  at  the  end  of  compression  is  given  by 

-«r  .■ 

Ta,  =  T^+  •—  (T2  -Tj  )  r  1 


=  530  + 


0.82 


(788-530) 


T2,  =  845°R 


The  temperature  at  the  turbine  outlet  is  given  by 

T.'  T,  -  ."t<TrT,> 

■  '  ■  --  • 

=  2060-0.92(2060-1386) 

T  ,  =  1440°R 

**'  • .  / 

Then,  the  compressor  work  is  -  » 

^  ? 

w  =  c  (T  ,-T  ) 

C  P  2  1  1 

=  0.24(845-530) 

w  =  75.6  Btu/lbm 
c 


The  turbine  work  is 


wt  =  cp(T3~  t-'  > 

=  0.24(2060-1440) 


w^  =148.8  Btu/lbm 


The  heat  added  during  the  combustion  process  2' -3  is 

q.  =l  c  (T  -T  ,  )  -  ^  ^ 

,  t  ,  &  '  P  3  J-  2  *  lj|i  *• 

=  0.24(2060-845) 

=291.6  Btu/lbm  ][;, 

,  r  j  s**  r  -!h 

Then,  the  thermal  efficiency  is  .  f  ,  ^  * 


W  -W 

t  c 


'th 


■  v148. 8-75.6 
291.6 
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V  «  ■i> *  .  h**  V  '  *  '  f  *  ■  =  0-251  "  v  -  \  ■( 

■i-  ,  ,i  -  •  .<*+'-  i-  X  „  k  >  4  *  AUV'  'Si 

i . e. ,  -25.1%  ! 

(c)  Bys adding  a  regenerator  to  part  (b) ,  the  compressor 
work  and  turbine  work  are  unaffected.  Hence  they  remain  the 
same  as  in  part  (b)  ,  *•=  t 

i.e.,  w  =  75.6  Btu/lbm 

c  f  t 

=  148.8  Btu/lbm 

s  X~ 

The  temperature  of  the  air  leaving  the  regenerator  and 
entering  the  combustor  is 

_  S  -*  #  ,r  t  (  ' ' 

T 2 *t  =  T2,  +  e(T(j,-T2,  ) 

=  845  +  0.65(1440-845) 

^  T;,r-  i232°E  * . 

Therefore,  the  heat  added  in  the  combustor  is 

qA  =  Cp(T3-T2l,)  ' 

=  0  .*24  (  2060-1232) 

C  .=*  198.72  Btu/lbm 
The  thermal  efficiency  is  \# 


1  *  6  •  j 


148.8-75.6 
*  198.72 


=  0.368 
nth  "  36 *8^ 


(d)  Figure  (b)  represents  the  cycle  with  two  stage 
compression,  intercooling  and  regeneration  along  with  the 
efficiencies  of  compressors  and  turbine. 

-A  ■  f  • 

In  order  to  minimize  the  compressor  work,  the  pressure  ratio 
across  each  stage  must  be  the  same.  This  requires  the 
pressure  ratio  across  each  stage  to  be  the  square  root  of 
the  overall  pressure  ratio.  4  ■  ■»  * 


Thus 

P-5 

=  El  =  /4 

Pi 

P6 

i.e., 

£.5 

=  Ez.-  2 

Pi 

P  6  * 
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For  the  first  stage  of  compression,  consider  the  isentropic 
process  1-5  . 

Temperature  at  state  5  is  given  by 


k-i 


1.  4-1 

=  530  (2)  1,4 
=  646°R,  * 


Then  for  the  actual  process  1-5'  ,j  the  temperature  at  state 
5*  is  given  by 

T  = 

1  5  • 


Since  the  intercooler  is 
of  the  second  stage  of  compression  is  T6  =  530°R,  and  from 
the  conditions  of  optimum  pressure  ratio,  the  temperature 
at  state  7’  ,  ■  v  \  *  5  <■  W 

i.e. ,  T?l  =  .T5,  =  671°R 

The  temperature  of  the  air  leaving  the  regenerator- and 
entering  the  combustor  is 

T7„  =  T?l  +  £.( T 4  ,  -T ?  ,  ) 

=  671  +  0.65(1440-671) 

i.e. ,  T,„  =  1171°R 

.  >  c  ‘  =  *  - 

The  compressor  work  is  given  by  ' 

wc  =  ep[<T!,-T1)  +  (T7,‘-T6)] 

.  ■  V 

»  0.24[(671-530y  +  (671-530)]  ,■ 

=  67.68  Btu/lbm 

The  turbine  work  remains  unaffected. 

'i  ...  ..  ;  - 

w^  =  148.8  BtU/lbm 

The  heat  added  during  the  combustion  process  7"-3  is  * 

VW*’  "  *'•  *-'*-• 


Tj  +  —  (.T5-T,)  . 

5c  .  .  , 


530  +  0712  (646-530) 


i 


671®R  ( 

ideal,  the  temperature  at  the  inlet 
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,  •  .  =  0.24(2060-1171) 

=  213.36  Btu/lbm 
The  thermal  efficiency  is 


'th 


w  -w 
_  t  c 


l.  e. 


n. 


'th 


148. 8-67. 68 
213.36 

=  0.38 

=  38%  ' 


(e)  Figure  (c)  represents  the  cycle  with  two  stage 
expansion,  reheating  and  regeneration  along  with  the 
efficiencies  of  the  compressor  and  turbines. 

From  the  consideration  of  optimum  stage  pressure  ratios, 

J**  f  i  .  . 

j1 

£.3-  =  P?  =  O 
Pe  Pi  o 

For  the>first .stage  of  expansion,  consider  the  isentropic 
process,  3-8.  <|  ^  f  • 

*■  ;ff  ?  .  t  »  1  i  •*»  *  .  t-"!  .  S  v.  «»•’  f 

Temperature  at  state  8  is  given  by  t 

k-i 


=  t3  [e*\ 

-  \P3|  ' 


1.4-1 
1.  4 


V 


=  2060 

f.  ,  +„<■  "}  .-i* 

=  1690°R 

:  t  *  t 

Then  for  the  actual  expansion  process  3-8’,  the  temperature 
at  state  8’  is  given  by 

,,  V  =  ,T’  *  VTi-T*> 

1  j  T  *  ' 

,  „  =  2060-0.92(2060-1690) 

r  ,,  ,  C  ’  i  i  ■_ 

=  1720°R 

T> 

Since  the  reheater  is  ideal,  the  temperature  at  the  second 
state  turbine  inlet  is  T9  =  T3  =  2060°R,  and  from  the 
conditions  of  optimum  pressure  ratio,  the  temperature  at 
state  10*  ,  *  ■  1  -  <  *  '•  - 

i-e-.  :  *  t  T10.‘  aJB,  J=,  1720°R  ■  *  .« 

The  compressor  work  remains  same  as  in  part  (b), 
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i .  e . , 

The  turbine  work  is 


wc  -  75. 6*.Btu/lbm 


;  '  ‘‘VV  =  2  cp(.T3-T,.)  •• 

'  '  ’  '  "  '  «.  =  2  x  0.24(2060-1720) 

:a  ; 

-  =  163.2  Btu/lbm 

•if  '.J 

The  temperature  of  air  leavingj;the  regenerator 
T2m,  =T2,  +  e(T10,-T2,) 

=  845  +  0.65(1720-845) 

=  1414°R 

Therefore,  the  heat  added  is 

qA  =  Cp  +  (T,-T».>j 

r  ”  F  V 

=  0.24 [(2060-1414)  +  (2060-1720)] 

=  236.64  Btu/lbm 

Therefore,  the  thermal  efficiency  is 

*  .V  t  Jt  w  — w  b  i  , 

rt  _  v  C 


163.2-75.6  •  . 

*■  t.  t  ■  i  1236. 64  . -  * 

'  •'  *  ..  V  6.  ^  's4:  *  ..»•  . 

==«:.=■  0*-37  4.  *  ^  n  'I. 

.  -  •  ..  -  fc  *  *-  .St.*.'  % 

m5T:  1  6  ^  r  "  -  ^  ,t  3 

i.e..,  ..  **  *•:.  •  bth  =.  37%  -  J.  .. 

.  v  •.  «*  ’  f  p.*’:  ,/  •* ■  #•,  f, 

(f)  Figure  (d)  represents  the {cycle  with  two  stage 
compression  and  two  stage  expansion. 

»•  -  •  ■'  ■ 
The  compressor  work  is  the  same  as  in  part  (d),^ 


i.e.,  wc  =  67.68  Btu/lbm 

:  ..  i  -  %  ■>  |  *  r  -J, 

The  turbine  work  is  the  same  as  in  part  (e) ,  ..  . 


i  *  G »  | 


"  w  r=  163.2>Btu/lbm 


f  - 


The  temperature  of  the  air  . leaving  the  regenerator  and 
entering  the  combustor  is  •„  i  ..  v-  =  t  ■ 

.  .  .  T? ,,,  —  T  ,  +  e(T  ,  -T  ,  )  . 

1  ••• .  .  *  j  .  -  -  f-  ■■■«  :%*  f 

=  671  +  0.-65(1720-671)  '<  r  *< 


i =  1353 °R 


Therefore,  heat  added  is 


%  =  cp[<T»-T7'"  v+  <T’'T»,:)] 

i  ;  =:  0.24  [(2060-1353)  +  (2060-1720)] 

q„  =  251.28  Btu/lbm 
A 


Therefore,  the  thermal  efficiency  is 
<  '  ,  ,  T )  -  1 

S  *  <  1  W,  -w 

t  c 

1  *  *  T J  ^th  -  qA  *  - 


163.2-67.68 

251.28 


,  =  0.38 

+  -  -*■  t  { 


i .  e .  , 


nth  =  38* 


THE  JET  PROPULSION  CYCLE 


•  PROBLEM  9-31 


A  turbo-jet  unit  consists  of  a  single  stage  compressor,  a 
single  stage  turbine  and  a  nozzle.  The  pressure  and 
temperature  at  the  inlet  of  the  compressor  are  7  psia  and 
-30°F.  The  pressure  at  the  outlet  of  the  compressor  is 
70  jDsia.  The  maximum  temperature  limit  for  the  engine  is 
1800  F.  Assuming  an  inlet  velocity  of  275  ft/s  and  the 

compression  and  expansion  processes  to  be  isentropic, 
estimate  the  thrust  for  1  lbrn/s^of  air  flow,  and  the  heat 

input  per  pound  mass  of  air.  Assume  constant  specific  heats. 


\  r  H  .  1  .*  ■ 

Solution :  Referring  to  the  figure,  the  compressor  inlet 

conditions,  i.e.,  state  1.  are  i 

■  T  =  -30°F  =  430°R 
1  > 

P.  =  7  psia 

'  '  1  t  .  f  i  .  . 

velocity  of  air  Vi  =  275  ft/s  -  1  "  ■  ■ 

.  j  ' 

The  compressor  outlet  conditions  can  be  determined  from 
isentropic  relationships.  »  .  ■  ■*. 
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Then,  ,since  the  work  of  the  compressor  and  that  of  the 
turbine  are  equal,  .  s 


h j-hj  -  h3-h4 

and  for  constant  specif  icpeats  f 

T 2 ~“T x  15  T3-T4  V  * 

or  T„  =  T3  +  Tx-Ta  J  4  i- 

•  -'i 

=  2260  +  430-830  <  ,  • 

i 

T4  =  1860°R  ’  '  ^ 

For  the  isentropic  turbine-exhaust  nozzle  process  , 

k-i 

k 


Ts  =  T, 

5  3lp 


£.5. 

3 


=  2260 


1.4-1 

7  1  “1 7* 
70 


"x=  1171°R 

» 

Applying  the  conservation  of, energy  principles  for  the  nozzle 


h4  +  2g^“  hs  +  ^ 

V4  is  very  small  compared  to  Vs.  ^Hence  .  neglecting  V4  , 

Vs  =  [2g(h4-h5)]i  ' 

and  for  constant"  specific*  heats  ""  " 

Vs  =  [2gCp(T4-  T,)]* 

=  [2  (  32 . 2  )  (  0 . 24  )  ( 1860-1171 )  (  778  )]  ^ 
=  2878  ft/s 


The  thrust  is  given  by 


if) 


T  =  F  -  ~  (Vj-Vj) 


=  (1)  (275-2878) 
3272 

«  -80.84  Ibf 


The  negative  sign  shows  t hat  the  thrust  is  in  the  opposite 
direction  of  the  velocity.  Assuming  that  the  turbo-  jet  unit 
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moves  with  a  velocity  equal  to  the  inlet  air  velocity,  the 
power  developed  by  the  thrust  force  is 

P  =  TV! 

=  (80. 84) ( 275) 

=  22231  ft-lbf/s 

i.e. ,  P  -  40.42  hp 

The  heat  added  per  pound  mass  of  air  is 

q  -  h 3-h 2 
»  cp(T3-T2) 

«  0.24(2260-830) 

i.e  q  =  343  Btu/lbro. 


•  PROBLEM  9-32 


A  jet-propelled  plane  is  flying  with  a  velocity  of  650  ft/s, 
at  an  altitude  of  17,000  ft  (p  =  7.0  psia,  T  *  460°R).  The 
incoming  air  has  a  mass  flow  rate  of  30  Ibm/second  and  is 
decelerated  to  a  negligible  velocity  in  a  diffuser  of 
pressure  coefficient  0.9.  After  raising  the  pressure  of 
the  air  by  6  times  in  a  compressor,  the  air  is  sent  into 
a  combustion  chamber  where  the  temperature  of  the  combustion 
products  is  1850°F.  After  expanding  in  the  turbine,  the 
gases  continue  to  expand  in  the  nozzle  to  a  pressure  of 
9  psia.  The  isentropic  efficiencies  of  the  compressor, 
turbine  and  nozzle  are  0.8,  0.84  and  0.9,  respectively.  If 
the  enthalpy  of  combustion  of  the  fuel  Ah°  =  -20,000  Btu/lbm, 
and  assuming  that  the  products  of  combustion  have  the  same 
properties  as  air,  determine 

(a)  the  power  required  to  drive  the  compressor, 

(b)  the  fuel-air  ratio  on  a  mass  basis, 

(c)  the  velocity  of  gases  at  the  nozzle  exit,  and 

(d)  the  thrust  and  thrust  power  developed  by  the  engine. 


Solution:  (a)  In  a  jet-propelled  plane_ engine ,  the :  power 

required  to  drive  the  compressor  is  equal  to  the  power 
developed  by  the  turbine. 

Referring  to  the  figure,  the  incoming  air  conditions,  i.e., 
at  state  1,  are 
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c-di  ,£3^' 


.  H  ti 


velocity  of  air 


Ti:  = v460°R 
Pi  =  7.0  psia 
Vx  =  650  ft/s 


From  the  air  tables,  corresponding  to  Ti  =  460°R, 

*  '  *  hi  =  *09.9  Btu/lbm  of  air 

As  the  velocity'of  air  is  decelerated  to  a  negligible  velocity 
in  the  diffuser,  '  1  •  .** ,  %  | ;  tK  .  ~  f\  ..  ..  r  -  t 

fa*  •?  fcfV*  I  .i<  ^  i  1  •  1-  •  * 

1.'  1  i  ii  j»  £ T. jl  =  Jj  *  +  Yl t.  ■  * ■  *  - 

s*  *  *  a  •  •*  1  «. 1  2g  o  F-  ..  ..  K  *>- 

"!  t  **,  S?  '>>  ^  £  K$  ^  .  a  I-  *' 


’i  VO  ’.-V-T  *  >  ^-7.1.^  .  :'  +  ’ 

p'd 1  109.9  +  •<; 

7^-  r\r  .  r  Mt  *  c$  * 

*--% ■■  '  vr...  *1 


(650) 2 


,  2  x  32.2  x  778’ 

Jt-.  iJ  i-  £  .  ■  -•  •  : 


w  .  =  118?33  Btu/lbm  of^air  ' 

/  -v  *,:V  V.  t  •.  ‘  v  D  1  U,.  ,  .  .u  ,  .  ■  ■  - ...  .$r 

Corresponding  to  this  value  of 'enthalpy  of  air,"' 

•-  '<$  •  tWdf  ■■«■  /-Vif  %,-«  .  i*  •<  •  ,  ■ 


To  =  495. 2°R 


j.-  u  .* 


.11% 


*  p  t  •*  p->  -  =  ' 1.^0252  * 

r  2  T2 

■  4.  fi.  -  ^  .  w  C5/:  ^  ->J  •  i*.  '  fc 

For  isentropic  flow  in  the  diffuser. 


**  7  ' 


jr  v,  .  < 

■^7  -:,d .  *  * 

k 

*  -> 

/ 

*•  / 

f  r»  . 

^  *  VP2 

-=iuk-1 

i!:  1*  ij 

> 

-1  1 

or 


it  .©:• 


^  -y, 

.r  ... 

+**  ,:*t  * 

■y  V;  - 


k 

k-i 


P2 '  TiPi:ifr 


*  --  7  I ^95 . 2\  1*  >>~1 

\  460 


‘  L 
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r  =9.06  psia 

From  the  definition  of  the  pressure  coefficient  of  the 
diffuser  , 

P 2  t  =  pi  +  (P2-P3.)  !. 

where  .  . 


nd 

Therefore, 


pressure  coefficient  of  diffuser 


P2,  =  7  +  0.9(9.06-7) 
=  8.85  psia 


-I!1  ~ 

At  the  end  of  the  isentropic  compression  process  in  the 
compressor,  the  relative  pressure  is  given  by 


where  is  the  pressure  ratio  of  the  compressor 

*  2  1 

Hence  -  '  ^ra  =  (6) (1.0252)  1 

=  6.1512'  v  * 

Corresponding  to  this  value  of  relative  pressure,  the 
enthalpy  is 

h3  =  197.76  Btu/lbm  of  air 


From  the  definition  of  isentropic  efficiency  of  the 
compressor,  the  enthalpy  of  air  at:  the  end  of  the  com¬ 
pression  is 

^3-h2«  I 

“  h 2 *  +  - 


197 


I 

. 76-118. 33\ 

0.8  / 


ft 


=  118.33  + 

=  217.62  Btu/lbm  of  air 


,  >  ,  ' 

Corresponding  to  this  value  of  enthalpy,  the  temperature  is 

T3  ,  =  905. 5°R  ’  - 

p  =  P  =  6  x  8.85 

3*3  ' 

=  53.1  psia 
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The  work  done  on  the  compressor'"" is-  given  by  the  change  in 
enthalpy,  i.e.,  ; 

*  ,  f  ri  r .  ;  *?  ■.  e  #  "  I  • 

w  =  h3,-h2, 

'  ‘  *  =  ’ 217.62-118. 33 


=  99.29  Btu/lbm  of  air 

The  power  required  to  run  the  compressor  is  given  by 

(h a  ."h2»  > 


where 


**-*'., r  *  „  ■ 

in  =  mass  flow  rate  of  air 
a 


.  .  30(99.29)  x  3600 

Hence  power  required  is  — - 2545 - 

:v  •  *  t  *.  '■  ■■■/*  «  3  J 

V;  -  =  4214  hp 


or  the  power  generated  by  the  turbine  is  4214  hp. 

(b)  Applying  the  first  law  of  thermodynamics  to  the 
combustion  process,  and  neglecting  the  kinetic  energy  terms, 
yields  <fv,  ,r:.  f  ..  - 1  j  * 

m  (h3l-h°)  +  mf(-Ah°)f  =  (m  +m _) (hu-h® )  . 

a  0  a  •  i  -  *  ■  i  .3-1  P  «•* 

where  superscript  (°)  refers  to  the  standard  state  at  77°F  , 
and  subscripts  a,  f  and  P  refer  to  air,  fuel  and  combustion 
products ,  respectively .  Assuming  that^ the, fuel  is  introduced 
at  77°F , 


the  above  equation,  may  be  written  as 


m 

<hii-h°)a  +  ^C-Ah°)f  - 

.  ,3*.a  a  m  i.  . 

*  ■  -i  u  a  ' 


1  + 


in, 


nr 


( h  4-h°  ) 


At  T4  =  1850°F  =  .2310°R, ,  the  corresponding  values  are 

h 4  =  591.69  Btu/lbm 
'  ■  r 

P  =  313.84  J  -v  6-  Vs  ’  '  - 

r4  »  "  ‘  t- 

At  T  *  77°F  *  •537°R , .  *  >  ■>  i  ,  *'•  - 
h°  =  128.1  Btu/lbm 

v  .  ^  ■«-  *■  -j1  g  >.  ■*  r  ,  . 

Substituting  the  values  into  the  above  equation  and  noting 
that  the  properties  of  the  products  are  the  same  as  those 
of  air, 

(217.62-128.1)  + 


T*~  (20,000)  =  (  1  +  )(591. 69-128. l) 

ma  *  .  A 
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m. 

Solving  for  -~ 
m. 


m  . 

v1  =  0.01915 
ma 


The  ratio 


m 


m_ 


m 


m  +m 


1  ^ 


1+^ 


1+0.01915 


=  0.9812 


(c)  The  work  developed  in  the  turbine,  in  terms  of  unit  mass 
of  products,  is  given.by  the  product  of  work  developed  per 

m  ‘ 

unit  mass  of  air  and 


m 


*  k 
§ 


=  99.29  x  0.9812  j. 

=  97.42  Btu/lbm  of  products 
Therefore,  the  enthalpy  at  the  exit  of  the  turbine  is 


h5,  =  h„  -  97.42 
=  591.69-07.42 

=  494.27  Btu/lbm  of  products 

Temperature  and  relative  pressure  corresponding  to  this 
enthalpy  are  ' 


Ts ,  =  1962°R 

P  =161.24 
r5  ’ 


For  the  isentropic  expansion  process  , 


hs 


591.69 


/ 97.42^ 
\  0.84  j 


=  475.71  Btu/lbm  of  products 


At  hs  =  475.71  Btu/lbm  of  products,  the  corresponding 

relative  pressure  is  P  *  140.06  . 

Ts  \ 

At  the  end  of  the  isentropic  expansion  process  '  the  pressure 
is  given  by 


The  relative  pressure  at  the  end  of *  the  nozzle  is 


9 

23.7 


'(161.24) 


•  r  .->P-  =.61.23  C  r-.--.  />■.  ■ 

r6 

Then  the  corresponding  value  of  enthalpy, 

•  ■■  i  -i  „ 

i.e.,  the  enthalpy  of  gases  at  the  nozzle  exit  is 
tables,  h6  -  378.65  Btu/lbm  of  products. 

The  velocity  at  the  nozzle  exit  is  given  by 


/  t 


,  v61.  -  n n/2g(h51-h6). 

hr  *  >  .  .i 


1/ 

1 


from 


-  0.9  V2  x  32.2(494. 27-378.65) (778) 
=' 2166  ft /s  '  “ 


(d)  Neglecting  the  difference  in  pressure  forces  on  the 
turbo-jet  and  assuming  that  the  momentum  of  the  fuel  at 
entrance  is  negligible,  the  thrust  'force  is  given  by 


F 


m 


a 

g 


(1  + 


itl 


m 


*  3I72  [<*  +  0.01915)2166-650] 

-  1451  lbf  7  | 


and  the  thrust  power£  is 

:  .< 

P  = 


FVi 

550 


•» 
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.  _  1451 x  650 

550 

=  1715  hp 

If  the  plant  in  this  problem  had  been  a  turbo-prop  engine, 
the  turbine  would  have  had  to  supply  the  power  required  by 
the  propeller  as  well  as  the  compressor  power.  The  analysis 
would  have  been  unchanged  in  other  respects,  except  for 
adding  the  propeller  thrust  at  the  end. 


3 


i  ‘  *  \- 

THE  AIR  -  STANDARD  REFRIGERATION  CYCLE 

<  •  PROBLEM  9-33 


An  air  refrigeration  system  operating  on  a  Bell-Coleman  cycle 
is  required  to  produce  3  tons  of  refrigeration  with  a  cooler 
pressure  of  70  psia  and  a  refrigerator  pressure  of  14.7  psia. 
The  temperature  of  air  leaving  the  cooler  is  70°F  and  the  air 
leaving  the  room  is  30°F.  If  the  machine  runs  at  140  working 
strokes  per  minute,  determine 

(a)  the  horse  power  required,  and  * 

(b)  the  volumes  of  compression  and  expansion  cylinders. 


i  •<* 


Solution:  Given  the  pressure  and  temperature  of  air  leaving 

the  cooler  as  , 

■  .  t,  i  . 

P3  =  70  psia 

T3  =  70°F  =  530°R , 
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for  the  isentropic  expansion  process  3-4,  the  temperature  at 
state  4  is  given  by  the  isentropic  relation 


T  =  T  — ± 

14  3;P, 


=  530 


1.4-1 
1  .  4  t 


i.e.  , 


T.  =  339°R 


(a)  The  coefficient  of  performance  (COP)  defined  as 

1  -  '  v  1  -  COP  =|  ~  ^ 

where  Q  =■ refrigeration  effect 

W  =  net. .work  supplied  *  ,  ...  ,x  i 


COP  is  also  given  by 


4  *  Tu 

COP  =  ■-,  **  '  * 

1  I m. 


Therefore  ,  from  the  two  relations, 
*  ,  Q  .  T4 

~  "  5  '  w  t3-tu 


W  =  Q 


(Ta-T  u ) 


Substituting  the  values,  (1  ton  =  200  Btu/min) 

W  =  3  x  200  (  — x  778 
v  o  3  9 


=  263005  f t-lbf  ' 


Therefore,  the  horsepower  required  to  drive  the  machine 

* 


263005 

33000 


=  7.97  hp 


(b)  The  mass  of  air  circulated  per "minute  is  given  by  the 
heat  equation 

Q  =  me  (AT) 

£  -  S  ■  If-  ♦  .!  . 

Applying  this  equation  to  process  4-1  ,  where  heat  is  absorbed 
at  the  rate  of  3  tons  ,  and  writing  yhe  above  equation  for  m, 


cp(T i-Tj, ) 
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3  x  200 

\  "  0.24(400-339) 

* 

or  m  =  16.56  Ibm/min. 

The  mass  of  air  per  cycle  is  given  by 

(mass  of  air  per  minute) /( number  of  working  strokes  per  min) 
Therefore,  mass  of  air  per  cycle  is 

1^q6  =  0.1183  lbm/cycle. 

The  volume  of  the  compressor  cyclinder  is  the  volume  of  air 
at ,  state  1 .  •  >  .  < 

It  can  be  obtained  from  the  perfect  gas  equation,  1 

V,  = 

_  0.1183  X  53.35  X  490  ,  .. 

'*  ”  14.7  x  144 

Vi  =  1.46  ft'3 

The  volume  of  the  expansion  cylinder  is  the  volume  at 
state  4.  : 

Since  process  4-1  is  a  constant  pressure  process,  from  the 
ideal  gas  relations  , 


V,  =  Vi 


=  1.46 


V,.  =  1.01  ft 


•  PROBLEM  9-34 


In  a  refrigeration  plant,  air  is  drawn  from  a  room  at  70°F 
and  14.7  psia  and  compressed  to  70  psia  in  a  compressor 
having  an  adiabatic  efficiency  of  0.78.  The  air  is  then 
cooled  to  30°F  in  the  cooler  before  expanding,  in  a  turbine 
with  an  efficiency  of  0.82,  to  the  room  pressure.  Using  air 
tables,  calculate 

(a)  the  air  temperature  at  the  compressor  and  turbine  exits, 

(b)  '  the  coefficient  of  performance  (COP)  ,  and  J 

(c)  the  power  required,  if  120  lbm/min  of  air  flows  through 
the  refrigerator. 
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Solution:  (a)  Given,  the  pressure  and  temperature  of  air 

at  the  inlet  to  the  compressor  are 

px  =  14.7  psia 
* 

Tl  -  70°F  =  530°R 

From  the  air  tables,  the  relative  pressure  at  state  1  is 

p  =  1.2998 
r  i 

Considering  the  isentropic  compression  process  1-2,  the. 
relative  pressure  at  state  2  is  given  by  the  relation 


=  6.1895 

From  the  air  tables,  the  corresponding  temperature  is 

T2  =  826°R 

Taking  adiabatic  efficiency  of  the  compressor  into 
consideration,  the  temperature  of  the  air  at  the  end  of 
compression  is  given  by 

•'  T2 ,  =  T,  *+  —  (T.-T  ) 

'  T  „  nc  i  2 

?  t  i  r-  1  .  , 

=  530  +  -^g  (826-530) 

=  910°R 


Similarly,  the  temperature  of  air  leaving  the  turbine  can  be 
obtained  by  considering  the  expansion  process  3-4.  Given, 
the  pressure  and  temperature  of  air  at  the  turbine  inlet  are 


P3  =  70  psia 
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T3  =  30° F  =  490° R 

From  the  air  tables,  the  relative  pressure  at  state  3  is 

p  =  0.9886 
r  3  : 

ii 

Considering  the  isentropic  expansion  process  3-4,  the 
relative  pressure  at  state  4  is  given  by 

i!‘  -> 


=  0.2076 


The  corresponding  temperature  T4 ,  from  air  tables,  is 

T4  =  ,313°R  •  ►  .ii 

Taking  the  efficiency  of  the  turbine  into  consideration,  the 
actual  temperature  of  air  leaving  the  turbine  is  given  by 

T,  -  T,  -  nt  (T 3-iT4  ) 

=  490-0.82(490-313) 

=  345°R 

i  i 

'  (b)  The  net  work  done  during  the  cycle  is 

(compressor  work)  -  (turbine  work) 

A  "  ) 

=  (h2 ,-hj )  -  (h 3-h4  f ) 

Since  the  temperatures  at  all  the  four  states  are  known 
from  part  (a),  the  corresponding  enthalpies  can  be  obtained 
from  air  tables. 

Therefore,  from  air  tables, 

hx  =  126.7  Btu/lbm 

h„,  =  218.7  Btu/lbm  -  < 

2  * 

h3  =  117.1  Btu/lbm 
h4  *  82.5  Btu/lbm 

Therefore ,  net  work  done  during  the  cycle  is  i  . 

w  =  (218.7-126.7)  -■  (117.1-82.5)  < 

net 

=  57.4  Btu/lbm  ,  .  -  - 
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The  refrigeration  effect  per  cycle  is  given  by 


"  T  qR  “  hl“h4  • 

=126^7-82.5 

1  -  '-=44.2  Btu/lbm ' 

> 

The  coefficient  of  performance  is  given  by 


COP 


qR  ^ 

W  + 
net 


44.2 

57.4 

.  J ^  i  =  0.77 
(c)  The  power  required  is  given  by" 


Power  =  (mass  flow  rate)  x(net  work  done) 

1 


=  120  x  60  —  x  57.4  x- 

nun  hr  lbm  3413  Btu 


kW  -  hr 


=  121  kW. 


•  PROBLEM  9-35 


A  turbo-propeller  aeroplane  has  an ,  air  cycle  system  which  is 
fed  with  compressed  air.  The  air  is  bled  off  the  compressor 
of  the  main  power  unit  at  65  psia  and  850°R.  After  cooling, 
the  compressed  air  reaches  the  turbine  at  60  psia  and  550°R. 
The  adiabatic  efficiency  of  the  turbine  is  70%.  The 
pressure  of  the  air  at  the  turbine  exit  is  14  psia.  If  the 
flow  rate  to  the  turbine,  under  maximum  conditions, 'is 
50  lbm/min,  calculate 

(a)  the  air  temperature  at  the  turbine  exit, 

(b)  power  output  of  the  turbine,  and 

(c)  Tons  of  refrigeration,  if  the  temperature  of  the  air 
exhausting  out  of  the  cabin  is  75°F. 


Solution :  Refer  to  the  figure  for  a  T-s  representation  of 

the  problem.  *  » 

Process  1-2'  takes  place  in  the  main  compressor ,  and  air  at 
state  given  by  point  2’,  i.e.,  at  65  psia  and  850eR,  is  bled- 
off  for  refrigeration.  * 
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Process  2’-3  takes  place  in  a- heat  exchanger  (cooler),  and 
air  at  60  psia  (there  is  a  pressure  drop  of  5  psia  in  the 
cooler)  and  550°R  is  available  at  point  3  for  expansion  in 
the  turbine. 

Process  3-4*  is  the  expansion  process  in  the  turbine.  The 
turbine  exit  pressure  p4  =  14  psia. 

Process  4’-5  is  indicative  of  the  cabin  heat  load  absorption. 

The  pressure  in  the  cabin  is  maintained  at  14  psia. 

\ 

(a)  The  air  temperature  at  the  turbine  exit  is  the 
temperature  at  point  4*,  i.e.,  ■ 

Consider  the  isentropic  expansion  process  3-4.  The 
temperature  at  state  4  is  given  by  the  relation  ■ 
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(b)  The  power  output  of  the  turbine  is  given  by 

Power  =  mCp(T3-Tl4,) 


where 


hence 


m  =  mass  flow  rate  of  air 


Power  =.50  *  0.24  (550-419) 
=  1572  Btu/min  ; 


\  42.42 


=  37  hp 


(c)  Refrigeration  produced  in  the  cabin  is  given  by 

=  mCp(T5-T,')  ,  , 

=  50  x  0.24  [(75+460)  -  419] 


.  .1!  Mvl- 


=  1392  Btu/min 


=  6.96  tons  (1  ton  = 

,  •«  k  200  Btu/min.) 


=  7  tons 


+  •  PROBLEM  9-36 

A  jet  plane  has  a  simple  air  cycle  air  cooling  system.  The 
aircraft  flies  at  620  mph  at  an  altitude  of  17,000  ft, 
where  the  ambient  air  pressure  and  temperature  are  9.0  psia 
and  460°R.  The  incoming  air  is  decelerated  to  a  negligible 
velocity  in  a  diffuser  of  pressure  coefficient  0.8.  After 
raising  the  air  pressure  by  3  times  in  a  compressor  with 
an  adiabatic  efficiency  of  80%,  the  air  is  cooled  to  150°F 
in  a  heat  exchanger.  The  pressure  drop  through  the  heat 
exchanger  is  5  psi.  The  air  is  then  expanded  to  14.7  psia 
in  a  turbine  having  an  adiabatic  efficiency  of  85%.  If  the 
cooling  load  is  1  ton  when  the  "cockpit  is  maintained  at  70°F, 
calculate  ^ 

(a)  the  pressure  and  temperature  of  air  entering  and  leaving 
the  compressor  , 

(b)  the  air  flow  rate,  and 

(c)  the  COP  of  the  cycle. 


600 


Solution:  (a)  Referring  to  the  figure,  process  1-2’  is  the 

ramming  process  in  the  diffuser.  In  the  diffuser,  the  total 
energy  remains  unchanged,  if  the  process  is  assumed  to  be 
adiabatic  while  pressure  of  the.  air  increases.  A  perfect 
ram  action  would  proceed  along  a  path  such  as  1-2,  shown  in 
the  figure.  But  due  to  irreversibilities  ,  the  actual  state 
is  indicated  by  point  2'.  which  shows  increase  in  entropy 
and  decrease  in  pressure  (relative  to  point  2). 


Kinetic  energy  of  the  outside  air,  relative  to  aircraft,  is 
expressed  as  follows  : 


620  x  5280  | 2 
3600  '  / 

=  2  x  32.2  x  778 

«  .  f'l 

=  16.5  Btu/lbm 

Therefore,  from  the  energy  equation,.;  . 

h  2-h  x  =  16.5  Btu/lbm  f 

Assuming  air  to  be  a  perfect  gas  with  constant  apecific  heats 
the  temperature  at  state  2  is  given  by  j; 

c  (Tz-Tj)  =  hjj-hj.  ” 


or 


0 . 24 ( T  2 -460  )  =  16.5 


■  Sri!  +  460 


=  529°R 
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For  the  isentropic  process  1-2,  the  pressure  at  state  2  is 
given  by  the  isentropic  relation  .  , 


Hence , 


k  l 


'  _  ,  f 

=  14.7  psia 


From  the  definition  of  pressure  coefficient  of  the  diffuser, 
the  pressure  at  state  2'^is  ... 


=  p  +  ndCpj-Pi) 


t  fi 


=  9.0  +  0.8(14.7-9.0) 
=  13.6  psia 


Thus,  ^the  pressure  and ' temperature  of 'air  entering  the 
compressor  are  13.6  psia  and  529°R.  Consider  the  isentropic 
compression  process  2' -3.  The  temperature  at  the  end  of 
isentropic  compression  is  given  by 


T  =  T 

3  2 


•te) 


k-i 

k 


1.4-1 

=  529(3)  1,4 
=  724°R 

From  the  definition  of  adiabatic  efficiency  of  a  compressor, 
the  temperature  at  the  end  of  actual  compression  is 

(t3-t;i) 

=  T  +  _ 

1  H  t  1  0  I  T  n 


=  529  + 


(724-529) 

0.8 


=  773°R. 

The  pressure  of  air  leaving  the  compressor  is 

P3  =  3P  2 • 

=  3(13.6)  ‘  . 

=  40.8  psia 
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(b)  There  is  a  pressure  drop  of  5  psi  in  the  heat' exchanger 
(cooler).  Therefore,  the  pressure  available  at  the  entrance 
to  the  cooling  turbine  is 


-  p3-5 


=  40.8-5 


=  35.8  psia 

The  temperature  of  air  at  entry  to  turbine  is 

.  ^  i 

•  :  4  -  2  1- 

T4  =  150°F 

=  610°R 

The  exit  pressure  from  the  cooling  turbine  is 

p5  =  14.7  psia 

For  isentropic  expansion  through  the  turbine,  the  exit 
temperature  is  given  by  the  isentropic  relation 


Ts 


k- 1 
k 


610 

473°R 


14.7 

35.8 


1.4-1 


1 


.4 


From  the  definition  of  adiabatic  efficiency  of  a  turbine, 
the  temperature  at  the  end  of  actual  expansion  is 

T  5  *  =  T4“nt(T4“TS> 

=  610-0.85(610-473) 

=  494 

The  quantity  of  air  supplied  per  minute  for  1  ton  of 
refrigeration  load  is  given  by  the  equation 

Q  =  mCp(T6-T  5 , ) 


or 


m 


_ 9 _ 

Cp<T6-T5i) 


1  x  200 
0.24(530-494) 


(1  ton  =  200  Btu/lbm) 


=  23  Ibm/min 
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CHAPTER  10 


MIXTURES  AND  SOLUTIONS 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  605  to 
670  for  step-by-step  solutions  to  problems. 


Many  working  fluids  in  thermodynamic  processes  involve  mixtures  of  com¬ 
pounds,  and  the  properties  of  the  systems  depend  on  their  composition,  in  addi¬ 
tion  to  temperature  and  pressure.  It  is  convenient  to  use  ideal  gas  mixtures  and 
ideal  liquid  solutions  as  a  first  approximation  to  actual  mixtures  and  solutions 
and  then  apply  correction  factors  when  needed.  An  ideal  gas  mixture  obeys  the 
ideal  gas  law,  and  the  mixture  properties  depend  only  on  the  properties  of  the 
pure  ideal  gases  that  are  in  the  mixture.  This  concept  is  extended  to  liquids  for  an 
ideal  solution  where  the  volume  change  on  mixing  is  zero. 


Ideal  Gas  Mixture 

For  an  ideal  gas  mixture,  a  total  of  n  moles  will  occupy  volume  V  at  absolute 
pressure  P  and  absolute  temperature  T  as  given  by  the  ideal  gas  law: 

PV =  nRT  0) 


Also,  each  of  the  n,  moles  of  species  or  compound  i  in  this  mixture  of  n  total  moles 
occupies  the  same  volume  V\  and  if  the  n,  moles  occupies  the  volume  V  alone  at  T, 
the  pressure  Pt  would  be  given  by: 

py  -  nftT 


where  P,  is  called  the  partial  pressure  of  compound  i. 

Dividing  Eq.  (2)  by  Eq.  (1)  gives  a  relation  between  the  mole  fraction  yt  =  fi/M 
and  the  partial  pressure  P,: 


(3) 

P  n 

where  the  partial  pressure  is  computed  by  Eq.  (3)  when  the  total  pressure  P  and 
mole  fraction  yt  are  known,  i.e., 


P,-yP 


(4) 
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Also,  the  sum  of  the  partial  pressures  is  equal  to  the  total  pressure.  Sum  Eq.  (4) 
over  all  of  the  species: 


p_  =  p  ^  y.  =  p 

»«1  «-l 

because  the  mole  fractions  y,  sum  to  one. 


(5) 


The  ideal  gas  law  can  be  used  to  show  that  the  volumes  V,  are  additive  for  the 
individual  components  to  give  the  volume  of  the  mixture  at  the  same  temperature 
and  pressure.  The  total  moles  are:  *  * 

n  ' 

n  -  £  n,  '  •  (6) 

-  ‘  ~  *  '■  ‘ 

and  n(  =  PVJRT  from  the  ideal  gas  law  along  with  n  -  PV/RT.  Substituting  in  Eq. 


(6)  gives:- 

H1 

n 

*  -  *  PV/RT  =  ^  PV'IRT  v 

r*  1  ■  '  ’  i-1 

\  J#  ♦ 

'  '  (?) 

which  reduces  to:  ■> 

t  5  * 

- 

«  ■» 

% 

1 

/- 1 

•  .  ►  r 

-  IS 

(8) 

To  compute  the  other  thermodynamic  properties  of  the  mixture,  consider  that 
the  gas  components  occupy  the  volume  individually,  and  then  sum  the  compo¬ 
nent  properties  as  was  done  with  the  partial  pressure,  Eq.  (5).  This  has  the 
individual  properties  based  on  the  volume,  V,  and  temperature,  T,  of  the  mixture 
and  the  partial  pressure,  Ph  of  the  individual  species.  The  internal  energy,  £/,  and 
enthalpy,  H,  are  given  by  the  following  equations:  ■ 

V  =  2  ^  "  (9) 

1-1 


1 


(10) 


where  £/*  and  //,  are  the  internal  energy  and  enthalpy  per  mole  of  species  i. 


The  entropy,  5,  of  an  ideal  gas  depends  on  pressure,  while  internal  energy,  U, 
and  enthalpy,  H,  are  independent  of  pressure  for  an  ideal  gas.  The  equation  that 
relates  dS  with  dPv  and  dT  is: 

dS  =  Cp  dT/T  -  R  dP/P  f  (11) 


Then,  at  constant  temperature  dT  =  0  and  the  above 
species  i  as: 


(T,P) 

( t,p, ) 


/  :  l. 

dPlP 


f 


equation  can  be  written  for 


(12) 


Integrating  Eq.  (12)  gives: 


605 -B 


.  S(T,  P)-Sj(T,  =  -R  \n(P/P ,)  =  -R  \n(P/Py,)  =  -R  ln(l/y,)  (13) 

This  equation  has  the  following  form  to  compute  the  species  entropy  at  T  and 
Ph  Sj(T,  knowing  the  entropy  at  T  and  P,  S(T,  P):  ^ 

Si(T,  P,)  =  S(T,  P)-R\n  y,  <  *  -  *  (14) 


Next,  the  entropy  of  the  mixture  is  computed  based  on  the  volume,  temperature, 
and  partial  pressure  of  the  individual  species  using  the  following  equation: 


S(T,P)  =  ^  Stf.PJy, 
1-1 


(15) 


Combining  Eqs.  (14)  and  (15)  gives  the  equation  used  to  compute  the  en¬ 
tropy  of  an  ideal  gas  mixture  at  T  and  P: 

S(r,P)=2  y,S,(7\P)-fi]>]  y.lny,  ,  .  ..  -  <16) 

1-1  •  TP 

1  The  Gibbs  free  energy  of  an  ideal  gas  mixture  is  evaluated  using  G  =H-TS, 
and  combining  Eqs.  (10)  and  (16):  '  ' 

:  (17) 


n  n 

G  =  V  yfi,*RT^  y.lny, 
£ i  £ i 


Ideal  Liquid  Solutions  !; 

Ideal  solutions  use  the  same  equations  as  ideal  gases  to  compute  the  mixture 
properties.  Ideal  solution  behavior  is  a  good  approximation  when  the  mixture  is 
composed  of  compounds  with  similar  chemical  characteristics,  such  as  low  mo¬ 
lecular  weight  hydrocarbons  like  heptane  and  octane,  ethanol  and  propanol,  or 
benzene  and  toluene.  The  mole  fraction  of  species  i  in  an  ideal  solution  is  xt  =  ntfZnh 
and  the  following  equations  are  used  to  compute  the  mixture  molal  volume,  V,  in¬ 
ternal  energy,  U,  enthalpy,  H,  entropy,  5,  and  Gibbs  free  energy,  G,  at  T  and  P: 


V  =  J  *,v, 

1-1 

:,i  4- 

-</=  2  x‘u‘ 
iT\ 

n 

1-1 

n  n  -  \ 

S~  ^  XiSi+RT ^InjCj  . 


* 

if 


i-1 

n 


i-1 

n 


G  =  ^  xfii  +  RT^  lnxi 


(18) 

(19) 

(20) 

’  (21)! 
(22) 


v  ‘_1  i-1 

When  a  vapor-liquid  mixture  is  in  equilibrium,  a  useful  equation,  Raoult  s 

law,  is  obtained  when  the  vapor  is  an  ideal  gas  mixture  and  the  liquid  is  an  ideal 
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solution.  This  equation  relates  the  mole  fraction  in  the  vapor  yt  with  the  mole 
fraction  in  the  liquid  x^as: 

Pyi  =  Pi,vpti  (23) 

where  P  is  the  total  pressure  of  the  mixture  and  P^vp  is  the  vapor  pressure  of  spe¬ 
cies  i  at  T,  the  temperature  of  the  mixture. 

Nonideal  Gas  Mixtures 

To  describe  the  behavior  of  nonideal  gas  mixtures,  the  compressibility  factor 
z  can  be  used.  The  ideal  gas  law  is  modified  with  the  compressibility  factor  as 
follows: 

P  V  =  zRT  (24) 

where  z  =  z0>+  W2t*  2o  ar,d  zi  are  given  as  a  function  of  reduced  temperature,  Tn 
and  pressure,  Pr->  and  to  is  a  mixture  property  of  the  species.  Pseudo-critical  tem¬ 
perature,  Tpcy  and  critical  pressure,  Ppc,  for  the  mixture  are  computed  by  the  fol¬ 
lowing  equations: 

Tpc  =  2  y,Tci  (25) 

n 

Ppc  “  ^  y iP pi  (26) 

i-l 

Then  the  reduced  temperature,  TR  =  T/Tpc ,  and  reduced  pressure,  PR  =  P/P ^  are 
used  with  the  generalized  correlations  to  evaluate  z0and  zl9  where  co  for  the  mix¬ 
ture  is  computed  by  the  following  equation: 

» 

w  =  21  y&i  (27) 

i-1 

Air- Water  Vapor  Mixtures 

Mixtures  of  air  and  water  vapor  behave  as  an  ideal  gas  mixture  in  equilib¬ 
rium  with  liquid  water  or  ice.  Air  can  be  treated  as  a  noncondensible  gas,  and  the 
partial  pressure  of  water  vapor  is  equal  to  the  vapor  pressure  of  water  at  the 
temperature  of  the  mixture  when  the  air  is  saturated. 

The  dew  point  of  an  air-water  vapor  mixture  is  the  temperature  at  which  the 
water  vapor  condenses  into  a  liquid  or  solid  when  the  mixture  is  cooled  at 
constant  pressure.  At  the  dew  point,  the  partial  pressure  of  water  vapor  in  the 
mixture  is  the  vapor  pressure  of  water  at  the  temperature  of  the  mixture;  and  the 
mixture  is  called  saturated  air. 

Relative  humidity,  <j),  is  defined  as  the  partial  pressure  of  the  water  vapor, 
PV}  in  the  mixture  to  the  vapor  pressure,  Pvp,  of  water  at  the  temperature  of  the 
mixture.  Using  the  ideal  gas  law,  the  following  equation  is  obtained: 
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which  gives  the  relative  humidity  in  terms  of  the 
specific  volume. 


(28) 

partial  pressure,  density,  or 


Humidity  ratio,  to,  of  an  air-water  vapor  mixture  is  defined  as  the  ratio  of 
the  mass  of  water  vapor,  mv,  to  mass  of  dry  air,  ma,  i.e., 


U)  a 


0.622 


0.622 Pv 
P-P 

V 


(29) 


where  the  coefficient  0.622  is  the  ratio  of  the  molecular  weight  of  water  18.02  to 
the  average  molecular  weight  of  air  28.97  obtained  from  using  the  ideal  gas  law 
for  mv  and  ma .  Also,  the  total  pressure  is  P  =  Pa  +  Pv. 


The  equations  that  relate  the  relative  humidity,  <j>,  and  the  humidity  ratio  are 

obtained  by  combining  Eqs.  (28)  and  (29),  i.e., 

,  to P 

<P  = 


(0.622  +  w)Pa 


(30) 


0.622 <bPa 
co  = - J-~a- 

P-K 


(31) 


The  relative  humidity,  <J),  range  for  air  is  from  zero  to  one.  The  amount  of  water 
vapor  in  saturated  air  depends  on  the  temperature,  and  the  relative  humidity 
changes  with  temperature  while  the  humidity  ratio  remains  constant. 


Air  Conditioning 

The  previous  definitions  can  be  combined  with  the  first  law  of  thermodynam¬ 
ics  for  a  steady-state  flow  process  to  provide  a  convenient  computation  procedure 
for  air  conditioning  evaluations.  The  changes  in  enthalpy  can  be  found  using  the 
steam  tables,  and  the  ideal  gas  relations  are  used  for  air.  The  mass  and  energy 
balances  for  flow  through  an  air  conditioner  are  given  by  the  following  equa¬ 
tions: 

dry  air:  ma>i  =  ma>e  (32) 

water:  mwi  =  mw  e  (33) 

energy.  A/7  —  ffaemae  +  M wetn we  —  H aiffiai  HWItnWj  —  Q  Ws  (34) 

where  the  subscript  a  refers  to  air,  w  refers  to  water,  i  refers  to  the  inlet,  and  e  re¬ 
fers  to  the  exit  of  the  air  conditioning  unit.  Also  ma  and  mw  are  the  mass  flow  rates 
of  air  and  water  vapor,  and  Ha  and  Hw  are  their  respective  enthalpies  per  unit  mass. 

For  simple  heating  and  cooling,  the  humidity  ratio,  w,  is  a  constant,  i.e.,  the 
amount  of  moisture  in  the  air  remains  constant.  Residential  heating  systems  using 
a  heat  pump  or  resistance  heater  use  simple  heating,  and  the  above  equations  can 
be  simplified  for  this  case  where  fan  shaft  work  is  small  and  Ws  can  be  neglected: 
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Q  =  ma(H"-HJ  +  mw(HW'-Hm)  i  (35) 

Knowing  inlet  and  exit  conditions,  for  example,  the  required  heat  Q  to  be  added  to 
or  removed  from  the  air  flowing  through  the  system  is  obtained  from  Eq.  (35). 

Heating  with  humidification  is  used  for  increased  comfort,  and  the  heating 
system  adds  both  heat  and  water  to  the  entering  air.  Heating  is  conducted  in  the 
first  section  of  the  system,  and  then  water  is  added  in  the  humidifying  section. 
For  the  heating  section,  Eq.  (35)  applies  to  compute  the  inlet  conditions  to  the 
humidifying  section  knowing  the  conditions  entering  and  heat  added  in  the  heat¬ 
ing  section.  For  the  humidifying  section,  the  mass  flow  rate  of  water  added  to  the 
heater  is  computed  by  the.  following  equation  in  terms  of  the  humidity  ratios 
entering  and  leaving  the  humidification  section  w,  and  co*: 

mw-ma{ toe-co()  L  ,  .  .  „  (36) 

and  the  heat  added  is  given  by  the  following  equation  obtained  from  Eq.  (35):  * 

Q  =  ma[Cpa(T2  -  TJ  +  w(Hwe  -  Hm))  (37) 


The  values  of  toe  and  a),  are  determined  from  Eq.  (31)  if  the  temperature  and 
relative  humidity  of  the  air  entering  and  leaving  the  heater  are  specified.  Also, 
the  enthalpies  of  water  vapor,  Hwe  and  Hwh  are  obtained  from  the  Steam  Tables. 


^  Cooling  with  dehumidification  cools  the  air  and  removes  some  of  the  mois¬ 
ture  from  it.  In  this  process,  air  is  cooled  below  the  dew  point  and  water  is 
removed  by  condensation.  Air  leaves  the  unit  at  100%  relative  humidity.  The 
mass  flow  rate  of  water  removed  from  the  air  conditioner  is  given  by  a  mass 


balance  where  to,  and  o)e  are  the  humidity  ratios  entering  and  leaving  the  unit: 

*  >  t  ■•"V  ■■  .  ..I  ° 


*  ••  =  "!«(<?/-  t*)e)  ,..4 ..  (38) 

and  the  heat  removed  from  the  unit  is  given  by  the  following  equation  obtained 
from  Eq.  (35):  '  ; 

Q  =  ma[(H2  -H\)  +  mjfw]  (39) 


where  mw  and  Hw  are  the  mass  flow  rate  and  enthalpy  of  liquid  water  leaving  the 
air  conditioner  at  the  exit  temperature,  T2 ,  and  //t  and  H2  are  the  enthalpies  of  the 
entering  and  leaving  air  with  humidities  of  and  <t)2. 

■■■  i  ^  1  -  “ 

A  psychometric  chart  gives  the  properties  of  air  water  mixtures  in  graphical 
form,  and  it  is  very  convenient  for  heating  and  air  conditioning  calculations.  The 
chart  has  the  dry  bulb  temperatures  on  the  abscissa  and  the  humidity  ratio  on  the 
ordinate  for  a  specified  total  pressure,  e.g.,  one  standard  atmosphere.  There  are 
lines  of  constant  relative  humidity  and  wet  bulb  temperatures.  Also,  the  chart  has 
lines  of  constant  enthalpy  for  the  air-water  vapor  mixture  per  unit  mass  of  dry  air. 

In  summary,  procedures  were  given  to  compute  the  thermodynamic  proper- 
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ties  of  ideal  gas  mixtures  and  ideal  liquid  solutions.  The  compressibility  factor 
method  was  given  to  compute  thermodynamic  properties  of  nonideal  gas  mixtures. 
Then  the  special  case  of  air-water  vapor  mixture  properties  was  described,  and 
these  properties  were  used  with  the  first  law  of  thermodynamics  for  air  condition¬ 
ing  with  simple  heating  and  cooling,  heating  with  humidification,  and  cooling 
with  dehumidification. 


Step-by-Step  Solutions  to 
Problems  in  this  Chapter,  t 
“Mixtures  and  Solutions”  t 


DEFINITIONS  OF  IDEAL  GAS  MIXTURES  ' 

if  •PROBLEM  10-1 

A  cubic  foot  of  air,  which  is  considered  as  a  mixture  of 
ideal  gases,  has  the  following  chemical  composition  at  80°F 


and  14.7  psia. 

f 

Component 

n2 

02 

Argon 

C02 

Mole  % 

78.02 

20.99 

0.94 

•t,  0.05 

Calculate  (a)  partial  pressure,  partial  .volume,  volume 
percent  and  weight  per  cent  of  each  component  gas,j  and 
(b)  the  average  molecular  weight  and  density  of  air. 


Solution:  A  relationship  between  the  component  pressure  P. 
of  an  ideal-gas  mixture  and  its  mole  fraction  y.  is  given  1 
by  .  i  ■  .  1  ;• 


pi  =  ptyi 


where 


Pt  =  total  pressure  of  the  mixture 


That  is,  the  component  pressure  of  each  gas  equals  the  mole 
fraction  times  the  total  pressure..  ,  .t. 
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Substituting  values  for  different  components, 

P(N2)  =  ( 14 . 7 ) ( 0 . 7802 )  =  11.469  psia 

P(02)  =  ( 14 . 7 ) ( 0 . 2099)  =  3.086  psia 

P(Argon)  =  (14. 7)(0. 0094)  =  0.138  psia 

P(C02)  =  ( 14. 7 ) ( 0. 0005 )  =  0.007  psia 

The  partial* volume  of  each  gas  component  equals  the  mole 
fraction  times  the  total  volume.  But  the  total  volume  is 
>  given  as  1  ft3."  Therefore,  the  partial-volume  of  each 
„  component  is  equal  to  its  mole  fraction.. 

__  ,  } 

The  volume  percent  of  each  component  gas  is  equal  to  its 
mole  percent  because  each  mole  of  an  ideal  gas  occupies  the 
same  volume  at  the  same  temperature  and  pressure.  The 
volume  percent  can  be  obtained  from 

V. 

(p  f  >'  ■  •  :  '  •  y  X  100%  ‘  *  '*•  ’  '  4 

'  *  mixture'  J 


*  Weight  percent  of  a  component  is  given  by 

Weight  percent  of  =  ( component  .weight  of  j)  x  100% 

_  component  i  total  weight  of  mixture 

*  *  *  * 

Component  weight  is  the  product  of  the  mole ' fraction  and 
its  molecular  weight.  The  total  weight, of  the  mixture  is 
the  sum  of  all  component  weights. 

Therefore ,  -  • '  t  " .  ■ 

Weight  percent  of  yi  ,x  m°lecular  wt .  of  i 

component  i'  L  (y.^  x  molecular  wt.  of  i)  *  100^ 


The  total  weight  of  the  mixture  is 


Z(y,  x  molecular  wt .  of  i) 

■-  i '  1  1 

.  .  o  .  ,  .  * 

=  (0.7802  X  28)  +  (0.2099  x  32) 
+  (0.0005  x  44) 


T 

+  (0.0094  x  39.94) 


=  28.96 
Therefore , 


weight  %  of  N2 


weight  %  of  02 

■  1"' 

weight  %  of  Argon  = 


( 0 .7802 ) (28 )  _ 

- 28  96  - -  x  100%  =  75.43% 

(  Oi.  2099  )  (  32  ) 

28.96  X  “  23.19% 


~~'P28!9639,94)  X  l0°*  =  1-30% 
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weight  %  of  C02 


=  (Q,2^°96(44)  *  100%  =  0*08^ 


(b)  The  average  molecular  weight  of  a  gas  mixture  is  the 
total  weight  of  one  mole  of  the  mixture,  which  is 
x  molecular  wt .  of  i)1 

This  value  has  already  been  calculated  as  28.96. 

r 

The  density  of  the  mixture  is  given  by  the  ideal  gas 
equation 

p 

P  -  15m  (average  molecular  wt .  ) 

KI  ■  ■  «  • 

‘I  '  A- 

14.7  x  144  x  28.96 
1545  x  540 

=  0.0735  lbm/f t 3 


•  PROBLEM  10-2 


Consider  a  mixture  consisting  of  25%  C02,  60%  H2  and  15% 

0 2  by  volume.  (a)  Calculate  the  mass  fractions  and  the 
gas  constant  R  for  this  mixture.  (b)  Calculate  the 
density  of  the  mixture  and  the  partial  pressures  of  the 
constituents  if  the  mixture  is  at  60  psia  and  70°F. 

(c)  Suppose  tne  mixture  is  placed  in  a  closed  tank,  and 
all  of  the  oxygen  is  absorbed  by  the  tank  walls,  while  the 
temperature  is  maintained  at  70°F.  Calculate  the  new  mass 
fraction,  mole  fraction  and  the  new  total  pressure. 


MIXTURE  CALCULATION 


Component 

-  xi> 
Ibmole  ' 

M. 

Urn 

m . 

t  1 

T  Ibm 

mi/  h 

Ibm 

Ibmole  mixture 

Ibmole 

Ibmole  mixture 

Ibm  mixture 

■’  o. 

0.15 

X 

32.0 

4.80 

0.282 

H, 

■  0.60 

X 

2.016 

L  1.21  *  - 

0  071 

CO, 

0.25 

X 

44.01 

»  11.00 

0.G47 ' 

M  ■»  17.01  lbm/lbmole  1.000 

*  v 

li-V  ! 

> 

•  •  -  1 

f  1,;‘ 

Solution:  A  perfect  gas  mixture  will  have  identical  volumes 

and  mole  fractions.  The  mixture  calculation  is  carried  out 
as  shown  in  the  following  table.  The  gas  constant  for  this 
mixture  is  , 


60? 


=  15«45 
'  17.01 

=  90.8  ft-lbf /lbm-°R. 

In  the  table,  H2  has  the  largest  mole  fraction  but  has  the 
least  mass  fraction.’ 


(b)  The  density  of  the  mixture  is  given  by  the  ideal  gas 
relation 


P  = 


RT 


60  x  144 


90.9  x  (70  +  460) 
=  0.180  lbm/ft3. 


The  partial  pressures  of  the  constituent  gases  are  given  by 


pi  =,*ip- 


=  0.15  x  60 
=  9  psia 

=  0.60  x  60 


CO. 


=  36  psia 
=  0.25  x  60 
=  15  psia. 


(c)  The  new  total  pressure  P  =  P„  +  P__  . 

H  2  CO  2 

s  * 

The  constituent  partial  pressures  depend  only«on  vhe  number 
of  moles  of  each  one  present,  the  temperature  and  the  volume 
Hence  the  H2  and  C02  partial  pressures  are  unchanged. 
Therefore,  the  new  total  pressure  is 

J  _  1  ^  P  =36  +  15 

P  =  51  psia. 

To  calculate  the  new  mass  fractions  and  mole  fractions: 

mH2  _  O'.  071 


M  .  1-0.282 

=  0.099 
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mC02  =  0,647 * 

M  1-0.282 

* 

=  0,901.. 

,  »-V  i> 

Mole  fractions: 


XH  =  ^H2.  =  36‘ 

2  P  51 

,  =  0.706 
*co  =  !s°i  *■  ‘ 

2  P 


=  15 
51 

=  0.294 


if.  ,  .  . 

t  - 

•  PROBLEM  10-3 


A  mixture  of  4  lbm  of  CO2  and  3  lbm  of  N2  is  stored. in  a 
tank  with  a  volume  of  5  ft3.  The  temperature  of  the 
mixture  is  maintained  at  80°F.  Evaluate  (a)  the  total 
pressure  of  the  mixture,  (b)  the  mole  fraction  of  both  the 
gases,  (c)  the  molecular  weight  of  the  mixture,  and  (d)  the 
apparent  specific  gas  constant  of  the  mixture. 


■  •  ;  .-  <Jr'  r  •  j:i 

Solution:  (a)  By  Dalton's  law  of  additive  pressures,  the 

total  pressure  of  the  mixture  is-<the  sum  of  the  partial 
pressures  of  constituent  gases.  From  the  ideal  gas  equation 
of  state,  the  partial  pressures' of  the  constituents  at  the 
temperature  and  volume  of  the  mixture  are  obtained. 

mR  T„  , 

p  =  — y — 
y  VM 


P(C02)  = 


4  lbm  x  1545  ft-lb/ lb-mole-°R  x 


44  lb/lb-mole 


540°R 

144  in2 /ft2 


=  105.34  psia 


3  lhm  1545  f t-lb/lbm-roole-°R - 540°JT - 

P(N2)  -  - -  - 28  lb/ lb-mole  *144in2/ft2 

5  ft3 


=  124.15  psia. 
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Therefore,  the  total  pressure  of  the  mixture  is 
P( total )  =  P(C02)  +  P(N2) 

=  105.34  +  124.15  “ 

=  229.49  psia 

<b)  Number  of  moles  present  ,in  a  gas  is  given  by 

ri  ' 

-  mass  of  gas 
n  ~  molecular  weight 

Therefore,  number  of  moles  of  C02  is 


_  /  r'o  \  _  4  lbm 

44  lb/lb_mole 


=  0.0909  lb-mole 
and  number  of  moles  of  N2  is 

nQINz;  28  lb/lb-mole 
*  1  *  =  0.1071  lb-mole 

Therefore,  number  of  moles  of 'mixture  is 

n(mixture)  =  n(C02)  +  n(N2) 

'  J.  ?  V  ?  * 

f  '  .♦  i  •  .vA  =  0.0909  +  0.1071 

T  • 

.,-t  =0.198 

From  the  definition  of  mole  fraction, 

'  1  !'tirn  ^  -  •*  n(C0;) 

-  '  (  2)  n(mixture)  * 

i  •:<  '  1  Wff-i'  ’'C'  .  >1  ’■  i-  Ai 

■>' •*  1  ;  1  0.0909  ■  *  : 

-  -  ‘  ~  0. 198 

=  0.459  '  ‘ 


V 


and 


x(N2)  = 


n(N2  ) 


n(mixture) 

0.1071 


0.198 

-  V  » 

=  0.541 

$■  f, 

(c)  The  molecular  weight  of  the  mixture  is  given  by  the 
definition  of  a  mole. 

vf  -  m 
M  -  -  - 
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M(mixture) 


4+3 
0.198 
>  iii 

=  35.35  lbm/lb-mole 


(d)  The  apparent  specific  gas  constant  is  given  by 


Therefore,  the  specific  gas  constant  of  the  mixture  is 


35.35 


=  43.7 


‘•ft- lb 
>>lbm-0R 

fa 


•  PROBLEM  10-4 

A  gas  mixture  at  1  atm  and  10°C  consists  of  75  percent 
hydrogen  and  25  percent  nitrogen  by  volume.  The  mixture 
is  compressed  from  an  initial  volume  of  7.07  m3  to  a  final 
volume  of  28.32  litres.  The  final  pressure,  measured  at  a 
temperature  of  50°C,  is  350  atm.  Compare  values  with  those 
calculated  from 

(a)  an  ideal  gas  mixture  -  jj 

? 

K" 

(b)  an  ideal  solution  obeying  the  law  of  additive 
pressures,  and 

(c)  an  ideal  solution  obeying  the  law  of  additive  volumes. 


Solution :  (a)  The  number  of  moles  of  each  gas  will  remain 

constant  throughout,  because  an  ideal  gas  mixture  behaves 
as  an  ideal  gas. 


'  =  i.O  * 


7.07 

0.02832 


323 

283 


=  285  atm. 

(b)  Using  the  law  of  additive  pressures  in  conjunction  with 
van  der  Waals  equation. 


.  yi  \  _JL  yQ 

v  -y  b  )  V  2-  ^i^i 
mix/  m 
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Compressibility  factor,  z^pv/RT 


where 


y.  =  mole  fraction  of  the  component  gas 
3  1 

v  =  molar  volume  of  the  mixture 
m 

a^  and  are  van  der  Waals  gas  constants. 


Figure  Compressibility  chart,  high-pressure  range. 


From  the  ideal  gas  equation,  the  number  of  moles  in  the 
mixture  is  given  by 


N 


RT 


=  1  X  101.325  X  7.07 
8.3143  x  283 

=  0.304  kmol. 

The  molar  volume  at  the  end  of  compression  is 


_  V  __  28.32 
vm  N  304.0 


0.0931  1/mol. 
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Therefore 


r  M* 


-  __  8.3143  „  . . 0.75  .  0.25/  \ 

p  101.325  J^0. 0931-0. 75  x  0.0265  +  0.0931-0.25  x  0.0385'y 

-  ~0.0931 ) 2  (0-244 xO.752  +  1.347 x  0.252) 

=  325.5  atm. 

i 

(c)  Using  van  der  Waals  equation, 

•I:: 

0.75  vH  +  0;25  vNf=;0.0931 
vH  =  0.1241  -  0.333  vN 

To  solve  for  vR,  trial  values  of  vN  are  taken  in  the  above 

equation.  Then  p  is  calculated  for  each  gas  using  the 
van  der  Waals  equation.  The  trial,  values  are  correct  when 
there  is  equality  of  the  pressures  computed  for  the  two 
gases.  !'• 

Assuming  *  vN  =  0.095  1/mol  * 


vR  =  0.0923  1/mol 

the  pressures  then  calculated  using  .van  der  Waals  equation 
are 

p^  =  330  atm 

;i  t 

PH  =  367  atm.  "  J  ^  * 

From  the  results,  it  is  clear  that  p^  has  to  be  increased 

and  p^  has  to  be  reduced  (i.e.,  by  decreasing  v^  and 

increasing  vH).  Carrying  out  the  procedure,  the  final 

values  for  vXT  and  vTT  are 
N  H 

vN  =  0.0881  1/mol. 
vH  =  0.0947  1/mol.  ‘ 


ppj  =  363  atm  . 

Pjj  =  364  atm 

p  =  363  +  364 

average  «  -2  * 


■3  - 


+ 


=  363.5 


atm. 


(b)  Using  the  generalized  Z  -  chart , 
assume  p  =  350  atm. 
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Then  for  hydrogen,  the  reduced  temperature  and  pressure  are 


T  =  — 
r  T 


cr 


323 

33.2 


=  9.73 


Then 

For  nitrogen: 


Pr  '■  P 


cr 


350 

12.8 


=  27.3 


ZH  =  1.30 


v*  T  =  =^2.56 

■*  '  r  126 


for  which 

■*:  J  * 


Pr  =  §§T5  =  10-44 


ZM  =  1.18. 


whence 


Zmixture 


t  „■ 


=  0.75  x  1.30  +  0 . 25  x  1.18  =  1.270 

.  ...  / 


P  = 


f 

1.27  x  8.3143  *  323 


0.0931 x  101.325 
=  361  atm. 


The  iteration  process  is  to  be  continued  until  the  assumed 
and  computed  pressure  values  are  close  enough. 

Next  try  p  =  361  atm,  and  proceed  as  before. 

V  .  '  .  C  •  ■  ’  £  I  I 

.  -  ^  zh  =  >  *3A  *  r 


ZXT  ”  1.17  " 
N 


Z  .  .  =  0.75  x  1.31  +  0.25  x  1.17 

mixture  » 


=  1.274  f 

p  =  361*i=4£-  .  • 

=  362  atm.  "  ■  *1 


(c)  With  the  generalized  Z  chart, 

**  i  p.  v . ' 
V  =  1  1 

i  RT 
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Thus 


Simpl if ying , 


Assume 


v . 
1 


v 

m 


Z. 

1 


P  ■  v 

_  m 
" *  X^T 


0.0931  p„ 

7  —  _ _ _ 

H  0.75  x  8.3143  x  323 


Pj^  213.5  Zjj 

p„  -  250  atm 
11 

-  T '  *=  9*.  73  ■ 
r 


p  =  ' J50- 

r  12.8 
=19.53 

Z  ■=  1.21  (from  generalized  Z-chart) 

H,  ...  r 

But  Zjj  obtained  from  the  assumed  value  of  is 

_  250  '  * 

213.5 

■  4  j 

=  1.17 


to  increase  the  computed  value  of  Zfi,  the  assumed  PR  is 
increased. 

As  the  next  guess,  the  value  of  p^  may  be  taken  from  the 

expression  derived  above,  by  substituting  the  value  found 
from  the  generalized  Z  chart  in  the  last  trial  into  this 
relation.  * 

.*.  the  value  of  PH  to  be  used  =  213.5  x  1.21 

=  258  atm. 


Using  this  value  of  pTI ,  « 

n  ir 

■  V-  ■  f  >r 

258 

pr  12.9  j! 


=  20.0 


From  the  general  ized  Z-chart , 

ZH  =  1.21. 
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Assuming  PN  =  100  atm, 


71.1 


Z„  = 


T  = 


100 

71.1 

1.406 

2.56 


P  = 


100 

33.5 


=  2.98 


ZN  =1.025  from  generalized  Z  chart 


As  for  the  next  trial,  ' 

PXT  =  71.1  x.  1.025 
N  * 


P„  = 


.  .  Z„  - 


=  72.9  atm 
72.9^ 


33.5 

2.175 

0.98 


For  the  next  trial  take 


* 


p.“  =  71.1  x  0.98 
N 

r  ’ 

=  69.6  atm 

69.6 
Pr  33.5 

„  r  .  •  =  2.08 

ZN  =  0.98  1 

p  =  258  +  69.6'  - 

=  327.6  atm. 


Comparing  all  the  results,  we  see  that  the  ideal  gas 
assumption  is  the  most  erractic. 


•  PROBLEM  10-5 


Oxygen  at  80°F  and  60  psia  „is  maintained  in  a  tank  with  a 
volume  of  20  cu.ft.  Under  isothermal  conditions,  nitrogen 
is  introduced  into  the  tank  until  the  total  pressure  is 
100  psia.  Calculate  the  mass  and  partial  volume  of  each  gas. 
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Solution:  From  the  ideal  gas  relation,  the  number  of  moles 
of  oxygen  is  given  by 


No 


t 

.RT 


144  x  GO  x  20 
1545  x  540 


=  0.2071  moles. 


One  mole  of  oxygen  has  a  mass  of  32  lb.  The  total  mass  of 
oxygen  is  0.2071  *  32  * 

=  6.63  lb.  ' 


From  Dalton's  law  of  additive  pressure,  the  partial  pressure 
of  nitrogen  is  the  difference: between  the  total  pressure  of 
the  mixture  and  the  partial  pressure  of  oxygen.  Therefore, 
the  partial  pressure  of  nitrogen  is 


p  =  100-60 

=  40  psiaf 

The  number  of  moles  of  nitrogen  is  given  by 


N 


n 


P  V' 
n 

RT 

H 

144  x  40  x  20 
1545  x  540 


=■  0.1381  moles. 


One  mole  of  nitrogen  has  a  mass  of  28  lbs.  The  total  mass 
of  nitrogen  is  0.138x28 

=3.87  lbs. 


(b) 


The  partial  volume  of  oxygen, 


NoRT 

Pt 


_  0.2071  x  1545  x  540 
144  x  HO 

=  10.91  cu.  ft. 


The  partial  volume  of  nitrogen  is  20-10.91  =  9.09  cu.  ft. 
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An  oxygen  cylinder  at  35  psia  and  80 °F  contains  0.9  lb  of 
oxygen.  If  nitrogen  is  added  to  the  cylinder  to  increase 
the  cylinder  pressure  to  45  psia  at  the  same  temperature, 
find  the  mass  of  nitrogen  added. 


Solution:  Both  gases,  i.e.  oxygen  and  nitrogen,  occupy  the 

same  volume  and  have  the  same  temperature.  Then,  from  the 
ideal  gas  equation, 

:  v.  •  ?  *  .  *  ■  ->  > 

pV  =  NR  T  ■"  ; 

K  u 

R  T 

p  _  u 

or  NT" 

i  ,  *  ;■  '  ,  S 

>  -.-■**  '•  p  R  T  •  pXT  1  -  ■ 

<  .  a  *  ;  -si 02  =  _y_  =  LNl 

'  No2  -v  •  nn2  -  ■  . 

Therefore  the  number  of  moles  of  nitrogen  is  given  by 


N„  =  J/ 


The  number  of  oxygen  moles  is  given  by 


w  _  m 
N02  -  M 


where  m  =  mass  of  oxygen 

M  =  molecular  weight  of  oxygen 


Therefore , 


i.  '  i  ^  ■- 

N  =  9-'.  9 
N02  32 


1  *  •  rt'1  . , 


'=  0.02813  lb. mol 


The  partial  pressure  of  nitrogen  is  given  by 

i  V 

*  *'-r 

P„  =  P. -Pn 
N2  t  02  . 


=  45-35 


=  10  psia 


Substituting  the  values  into  the  equation  for  the  number  of 
moles  of  nitrogen,  »  , 


.  N„  =0.02813 

*  .  N  2  "  i  ■ 
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=  0.00804  lb-mo 1 


Therefore,  the  mass  of  nitrogen  added  is  given  by 
.  .m,=  NM  v 

L  '  ■  !  ‘  ii  *' 

=  0.00804(28) 

=  0.225  lb. 


2  •  PROBLEM  10-7 


A  mixture  of  21%  02  and  79%  N2  is  cooled  to  80°K,.,  0.1  MPa 
pressure.  Determine  the  composition  of  the  liquid  and 
vapor  phases  for  this  condition.  Use  the  Raoult's  Rule  - 
Ideal  Gas  model  to  solve  the  problem. 


Mote  %  nitrogen  , 

100  90  80  70  60  50  40  30  20  10  0 

94i — i  n — i  i  i  i  I  I  1 


HUBBUB 

mmmmmmmms 


HIBHHHgHHHH 


0  10  20  30  40  50  60  70  80  90  100 

Mole  %  oxygen 


Solution:  From  the  tables, 


P  =  0.1370  MPa 

sat,T 
N2 

p  =  0.03006  MPa 

sat-. 

U2 


ing  the  following  equations,  the  composition  in  each  phase 


Using  the  loiiowi 
may  be  solved  for 


7  ■ 

[xN2]psatN2  _-[yNj](p) 
[x02]Psat0j=[y02]W 


Therefore,  at  80°K,  0.1 

MPa. pressure, 

•'  "  [xn2] 

(0.137)  =[yN2]  <o.n 

hJ 

|  (0.03006)  =  [yQaJ  (0.1) 

4  -  t  - 

But 

xn2  +  xo2  1 

.  .  ...  -  ,  *N2  +  yo2  =  1 

After  substitution  for 
is  obtained  :'■* 

y„  and  y_  " ,  the  following  equation 
;  N  2  ,  .  0  2,:  .  1 

‘  r .  '■>  ■  a.|  .  4 ...  ’  1 

"M  0.137  r„ 
0.1  [  N 

'  n+  0.03006  r  n  _  ± 

2|  •  0.1  [xo2J  -  1  ‘ 

1 . 37 ( x.T  ) 
N  2 

+  0.3006  (l-xw  )  =  1 

N  2 

Solving  for  x^,  *  i 

V  If; 

r 

,  xM 

\  .  n2 

0.6994  _•  „ 

'  1.069  °-65  . 

XM  X  0. 

n2  =• 

137 "  0.65 x  0.137  L  n 

yN  2  0.1 

f  0.1  ■ 

r 

r 

.  J  7 

v  ' 

\  L  _  ■ 

..  '  *:■  „  ■*"  '  * 

PROPERTIES  OF  IDEAL  GAS  MIXTURES 

f  ..  .. 

M  T  1 .  ’  .  *.  I 

~  ...  •  PROBLEM  10 

A  mixture  of  4  lbm  of  CO2  and  3  lbm  of  N2  is  stored  in  a 
tank  with  a  volume  of  5  ft3.  The  temperature  and  total 
pressure  of  the  mixture  are  80°F  and  229.5  psia.  Evaluate 
the  entropy,  internal  energy,  enthalpy,  and  the  constant 
pressure  and  constant  volume  specific  heat  capacities. 


Solution :  In  evaluating  the  entropy,  internal  enegy  and 

enthalpy  a  datum-state  of  zero  entropy  and  zero  internal 
energy  at  14.7  psia  and  0°F  (46CrR)  is  chosen. 

f 

'  .‘I  '  .  -  • 

i.e.,  sD  =  u0  =  0  at  T0  -■ 460°R  and  p0  =  14.7  psia 
The  entropy  of  C02  relative  to  the  datum-state  is 
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S ( CO  2  )  =  m<C02> 

v  2/  m(mixture) 


m(C02 ) 


dT 
'p  T 


d£ 


m(mixture) 


[ 


c  In  .;p—  -  R 
P  1  o 


-P-1 

Pc  ! 


(The  positive  sign  in  front  of  the  first  integral  is  due  to 
an  increase  in  entropy  by  raising  the  temperature.  The 
negative  sign  in  front  of  the  second  integral  is  due  to  a 
decrease  in  entropy  by  raising  the  pressure.) 

The  gas  constant  R  for  C02  is  35.12  -^---7^ 

). 

O  +■  11 

and  0^  for  C02  is  0.203 

Substituting  the  values,  ^  .i  .. 

«»..  .  J  [...»  >»  (SS)  -  2f#  ■"  W)] 

=  -0.0523  Btu/lbm . °R 
Similarly,  the  entropy  of  N2  is  "  * 

...  .  3  r  «  _  „  ( 540  \  '  55.12  /229.5\H 

s(N2)  -  7j^0.248  In  (^460j  77g  ln  (14.7/J 

=  -0.0664  Btu/lbm. °R 

Therefore,  the  entropy  of  the  mixture  is 

s(mixture)  =  s(C02)  +.  s(N2) 

-=  -0.0523-0.0664  4 

i  =  -0;1187  Btu/lbm. °R a 

Since  the  gases  are  assumed  to  be  ideal  gases,  the  internal 
energy  and  enthalpy  are  functions  of  temperature  only. 

The  internal  energy  of  C02  relative  to  datum-state  is 


u(C02)  = 


m(C02 ) 

m(mixture)  v 


dT 


m(C02 )  '  (T-To) 

m(mixture)  v 


=  |  (0.158X540-460) 

> 

=  7.22  Btu/lbm 


fj;. 
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Similarly,  the  internal  energy  ''of  N2  relative  to  datum-state 


xs 


“  m(mixture)  cv(T-T“) 

rf  t  ■  -.f 

:  ■  El  =  0.177)  (540-460) 


t**6.07  Btu/lbm..- .  i i  *  ■;  ii  •  '  < 

'■  *  ••  •>;  i  -  ■*  r  i-a-:  ^  '  *■  ■*  :» 

Therefore,  the.  internal^energy  of  the. mixture  relative  to  the 
datum-state  is  *  %  -*t.  •  /•  ii 

u(mixture)';-lu(C02  )  -  +  u(N2) 

=  7.22  +  6.07 

.  *  .  ib. 

=  13.29  Btu/lbm. 

The  enthalpy  of  C02  relative  to  the  datum  state  is  *  ■"  *  - 

3 


h(C02 )  = F  .m^C<?2 )  r 
m(mixture) 


si 


T  , 
dT  +  RT0 


203(540-460)  ,+ ,  't  (460) 


►'/ 


=  21.15  Btu/lbm 


Similarly,  the' enthalpy  “of  N2  is 


t 


V.  778 


t  i 


'] 


*  f 


h(N2  )  =  fQ). 248(540-460)  .+  ( 460 )  J  ^  , 

=  22.47  'Btu/lbm ‘  .  '  »  l. 

Therefore,  the  enthalpy  of  the  mixture  is 

h (mixture )= sh (CO 2 )  +  h(N2) 

'•-fc.h  '  :  t-  ^-21. 15  + -22.47  %*•  *  ' 

*  '*|M  .  .  •  ‘ N  .  •*  \  ,  .*  m  '•  l  _ 

=  43.62  Btu/lbm. 

".f  4-  '  1  >•  '  :i  i'JSi 

The  constant  pressure  specific  heat  of  the  mixture  is  given 

by 

• 1  •*  (mcn)rn  +  (me  )M  *  '  i-  * 
c  =  P  CO 2  _ P  n2 

p  m(mixture) 

=  4(0.203)  +  3(0.248) 
v  -  7 

%  ■  f' 

=  0.222  Btu/lbm  -  °R 

-  ...  ri  :  i  £\ 

The  constant  volume  specific  heat  of  the  mixture  is  given 

by  «  tr  •  •  ‘  • 
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c  = 


(mcv)co2  + 

m(mixture) 


4(0.158)  +  3(0.177) 
7 


=  0.166  Btu/lbm  -  °R 


•  PROBLEM  10-9 


The  exhaust  gases  from  an  engine  are  analyzed  and  found  to 
have  the  following  composition  on  a  volumetric  basis. 


CO  2 - 

- 10% 

h2o - 

- 13% 

V.  4  . 

CO  - - 

-  -  "2% 

°2  -  -  - 

- 3% 

n2 - 

- -  72% 

The  gas  pressure  and  temperature  are  100  kPa  and  300°C 
respectively.  Subsequent  to  leaving  the  engine,  the  gas 
is  cooled.  Determine  (a)  the  temperature  at  which  water 
will  start  to  condense,  and  (b)  the  value  of  the  specific 
heat  ratio,  k,  for  this  mixture.  Assume  constant  specific 
heats. 


•*.  *i,  «!■ 

*  - 


Table  1. 


constit¬ 

uent 

mole  fraction 
, •yi»nl/n 

Molecular 
weight  (MW)  ^ 

Mass  kg 
per  K  mol  of 
Mixture. 

CO* 

0.10  * 

44.01  | 

-  4.4010 

h2o 

0.13  > 

18.01S 

•  2.3420 

CO 

.  0.02  x 

,>  28.01  t  ^ 

•  0.5602 

Oj 

0.03  * 

31.99 

<■  0.9597 

Nj 

0.72  x 

28.013 

=  +20.1694 
28.4323 

Table  2. 


Constit¬ 

uents 

CP. 

KJ/kgK 

^0 

kJ/kgK 

mass  fraction 

m^/m 

CO, 

0.8416 

0.6529 

0.1548 

HjO 

1.8723 

1.4108 

0.0824 

CO 

1.0413 

0.7445 

•  0.0197 

o. 

0.9216 

0.6618 

0.0338 

N2 

1.0416 

0.7448 

0.7094 
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Solution :  It  is  very  convenient  to  use  Table  1  and  Table  2 

in  solving  this  problem.  '  - 

(M.W.)mixt.  =28.43  kg/kmol 


(a)  From  the  equation 


the  partial  pressure  can  be  obtained  for  the  water  in  the 
mixture  as’  * 


*  . 

i  U  m 


‘4 


yi  X  PT  , 

‘  K  '  ‘  4 

0.13  x  100 


=  13  kPa 

From  the  steam  tables,  the  dew  point  temperature  (the 
temperature  at  which  water  vapor  will  start  to  condense)  is 
found  to  be 

Td'.P.'  -  50.71-C 

The  specific  heat  ratio  k  for  the  mixture  is  given  by  the 
equation  * 

,  •  ■  ■  *  «  .  '  .  v  j:  ■  n 

*  4  «  ■  y c  ••  f  1  i 

t  '  :  *  k -=■-££..  id) 

.  .i  VO.  ^  ‘  ■ 

Thus  the  specific  heats  at  constant  pressure  and  volume 
will  have  to  be  calculated.  The  specific  heat  at  constant 
pressure  is  given  as 

m. 

(c  \  E  — - . .  ■  c  • 

-  \  Po/mixt.  -  *  m  S-iPi 

.  -A  * 

)  ~ 

=  (0.1548x0.8418)  +  ( 0 . 0824 x 1 . 8723 )+( 0 . 0197 x 1 . 04143 ) 

?  ' * (0.0338  x  0.9216) +  (0.7094  x  1.0416) 

1  .  - _  =  1.0752  kJ/kg  -  °K 

Then  from  the  equations 


and 


<RW.  "‘8-31434  kJ/kg-  *K> 

8.31434  -  .  / 

28.43  v  * 

. .  -  < 

=  0.2924.,. 
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the  value  for  the  specific  heat  at  constant  volume  is 

^  Cv  o  ^mixt .  ~~  ^  cpo  ^mixt .  "  ^R^mixt. 

=  1.0752-0.2924 

'  =  0.7828  kJ/kg  -  0  K  J 

Substituting  into  Equation  (1), 

,  _  1.0752 

K  0.7828 

=  1.3736 


Note  that  the  specific  heat  at  constant  volume  could  also 
have  been  found  using  the  equation 


^cVo  ^mixt . 


which  would  have  given  the  same  result. 

•  PROBLEM  10-10 

An  ideal  gas  mixture  consists  of  1  mole  of  oxygen  and 
2  moles  of  nitrogen  at  90°F  and  13.5  psia.  t  t  w*, 

I 

(a)  If  each  constituent  gas  is  assigned  a  datum-state 
value  of  zero  entropy  at  14.7  psia  and  0°F,  calculate 
the  entropy  of  the  mixture. 

(b)  Determine  the  change  in  internal  energy  and  entropy 
if  the  mixture  is  cooled  to  40°F  at  constant  volume. 

Assume  that  the  heat  capacities  are  constant  for  the 
temperature  range  of  interest  and  have  the  following  , 
valves:  *  1  v  f 

C  =  7.01  C  =5.02 

poxygen  -  oxygen 

C  =  6  ^  96  C  =  4.97 

pnitrogen  vnitrogen  !: 


Solution:  (a)  Given  the  number  of  moles  of  oxygen  as 

nQ  =  1  mole 

and  number  of  moles  of  nitrogen  as 

n„  =  2  moles 
N 

Therefore,  the  mole  fractions  are 
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and 


i?si 

fv, ) 


*  1 
x0  =  3 


-  XN  ,  3 


The  corresponding  partial  pressures  are 

Pn  =  xnp  ..  .  ■ 


‘  I  (13‘5) 


==  H4. 5  psia 


and 


S:  '  a* 


I 


VV*NP  ,  ' 


l. 


=  ^  (13.5) 

.  J  -  -i 

=  9.0  psia 


The  entropy  of  each  gas  constituent  is  given  by 

«  _  r  dT  R  _ l 

•  ^  dsi  CPi  T  T  Ru  P± 

>  -  ..  *  V  1  '  :  1  *  i  *  «■  '  1  *  it 

» %  a. 

Therefore,  the  entropy  of  oxygen  relative  to  the  datum 

state  is 


•r  .. 

.  i 


*V*  fcn. 


so  "  Aso  =  Cp, 

♦  f*--  «  J  |  4  •  f 


o 


a  dT  _  fa  dP 
T  u  P 


.  .„+r  •  t  .-L  *  ■  -i 

where  the  limits  d  and  a  denote  datum  and  actual  states, 
respectively.*  ; . u  •-  ...S'  ■:  l. 

*“j  i  i  t  .  '•  :■  -  i  <■  ’  t  ’  ’  .  !■  t  ■  ' 

Integrating  and  substituting  the  limits, 

<S  .  s0  =  7.01  in  f|§  -  1.986  In  ^ 

. 

£  =  3 . 60  Btu/lb-mole  -  °R 

%  i  r  ■  . 

Similarly,  the  entropy  of  nitrogen  relative  to  datum  state 
is 

■\*  r-  •  ro  »’<?*  Si  ?  -  r 


c  a 


sX7  =  Asxt  ="C 
N  N  p 


N 


dT 

T 


-  r  r  f 


i ; 


=6.98  in  |§g  -  1.986  in  ^ 


=  2.22  Btu/lb-mole-  °R 
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The  entropy  of  the  mixture  is  given  j,by 

S  =  n0s0  +  nNsN 
■f  =  1(3.60)  +  2(2.22)  . 

:  =8.04  Btu/°R 


f  v 


»  '  ■»  I- 


(b)  The  change  in  internal _ energy  of  the  mixture  is  given 
by 

AU  =  (n0Cv0  ■+■  nNCvN)(T2-T.i) 


where 


C  ^  =  constant  volume  specific  heat  of  oxygen 

vO  *  j-.t*  ' 

C  „  —  constant  volume  specific  heat  of  nitrogen 
vN 

Substituting  the  values,  .  c  *.  s 

siil 

AU  =  [l(5.02)  +  2(4. 97)] (40-90) 

=  -748  Btu  *  f 

The  change  in  entropy  of  the  mixture  is  given  by  integrating 
the  equation  1 

dT  dv 

/“•  dS  =  (nOCvO,  +  -nN  Cvn\T"  +^Ru  "v“  "  ■ 

But  since  the  colling  process  is  taking  place  at  constant 
volume,  dv  =  0.  :  * 


Therefore , 


dS  -  (nQCv0  +  nNCyN)  T 


Integrating  and  substituting  the  limits. 


AS  =  1(5.02)  +  2(4 


>,  is 


=  -1.426  Btu / °H 


c  "  •  problem  10-11 

A  mixture  of  6  mol  of  helium  and  4  mol  of  nitrogen  is  at 
170°F  and  120  psia.  If  this  mixture  is  expanded  isentropic- 
ally  to  25  psia,  find 

i, 

(a)  the  final  temperature  of  the  mixture,  and 

* 

(b)  the  entropy  change  for  each  constituent  gas. 

Assume  all  gases  are  ideal.  i. 
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Solution:  The  total  entropy  change  of  the  mixture  is'given. 


by 


ds  = 


'He  cPHe,  tr XN  9PN2 


A  -  l 

dT  dp 

Tup 


But  for  an  isentropic  expansion  process,  ds  =.0. 


Therefore, 


3  v~- 


XHe  CPHe  +  XN?  CPN. 


■  t  :i 


dT  =  p  52 


u  p 


Assuming  the  heat  capacities  to  be  constant  in  the  expansion 
range  and  integrating  the  above  equation  yields  ,  ? 


Taking 


<He  °PHc  +  XN2  ’cPN2  ln  T i  ‘  Ru  ln  Pi 


He 


.  5  R 

2  Ru 


and 


=  1 

PNz  2  u  l 


substituting  the;j  values,  of }  the  known  variables  into.j,the 
above  equation  and  evaluating  for  T2  , 


/  c  \ 

A.C 

t 

0.6  ( -|  R  ] 

+  0.4 

1  R  ) 

V 2  UJ 

A 

2  u  / 

* 

2. 9  In 

t2  _ 

630 

i  T2  „  •  25 

ln  630  Ru  ln  120 


25  ' 
120 


■*  t 


„► 


Therefore , 


T2  =  366. 8°R 


(b)  The  specific  entropy  changes  of  the  individual  gases 
in  the  mixture  are  given  by  > 


As.  =  c  . 
l  pi 


in  (£),  -  Ru  in  (|4) 


Since<(the  mole  fraction  of  either  gas  does  not  change 
during' the  process,  the  ratio  of  partial  pressures  in  this 
equation  is  the  same  as  the  ratio  of  total  pressures  of  the 
mixture.-  i  t  :  >  ■  r  .  ♦  :  .. 7  i. 


i .  e .  , 


12 


V  *  1  1 1 

The  entropy  change  of  helium  .is 


£2 

Pi. 


.  t 


+*  v 


AsTT  =  nTT 
He  He 


cPHe . ln  fT  -  Ru  ln  PT 


*■■< 


628 


6 


|  (1.986)  In 


366.8 

630 


=  2.578  Btu/°R 


1.986  In 


25 

120 


The  entropy  change  of  nitrogen  is 


* 


As 


N2 


N; 


R 


u 


In 


£2 

Pi 


=  :  4 


7 

2 


(1.986)- In  -1.986 


ln- 


25 

120 


i  * 

=  -2.578  Btu/°R. 


It  is  clear  that  the  entropy  of  N2  decreases  while  the 
entropy  of  He  increases  in  the  isentropic  expansion  process. 
The  reverse  is  true  for  isentropic  compression  process. 


•  PROBLEM  10-12 


An  air-water-vapor  mixture  at  1  atm  and  75°F  has  a  relative 
humidity  of  0.45.  For  this  mixture,  calculate  the  specific 
humidity,  the  dew  point  and  the  partial  pressures. 


Solution :  The  relative  humidity  0  is  the  ratio  of  the 
actual  partial  pressure  of  water  vapor  to  the  saturation 
partial  pressure  of  water  vapor.  . 


.  =  0.45 


From  steam  tables,  at  75°F  the  pressure  of  saturated  water 
vapor  Pg  is  0.430  psia. 

.*.  p  ,  the  actual  water  partial  pressure 


=  4>  x  p 

g 

*  ■' 

=  0.45  x  0.430 
=  0.1935  psia. 

The  partial  pressure  of  dry  air,  P  =  14.7  -  0.1935 

Cl  ji 

?  7  i  -  '  ■  s' 

=  14 . 5065  psia 

.  •  «  >  '  * 

Using  the  equation  J 
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„  *  '  ..  '  0.622  x  0.1935 

=  ‘ - 14.5065 - 

j,  t  =^8;297,x  io"3  lbm  water/lbm  air. 

■  ■* 

The  temperature  at  which  the  mixture  becomes  saturated,  or 
condensation  begins,  when  a  mixture  of  dry  air  and  water 
vapor  is  cooled  at  constant  pressure  from  an  unsaturated 
state;  is  called  the  dew  point  temperature t 

V  -•  .  T  „.  ...  -if  /-  ...  -jn  '*  .i 

From'  steam ftables ,  the  dew  point  temperature 

=  52 . 15  °F . 


,.  \  „  „  -  >  ....  •PROBLEM  10-13 

A  mixture  of  ideal  gases  consisting  of  0.4  mole  fraction 
of  N2  and  0.6  mole  fraction  of  argon  is  flowing  at  a  rate 
of  2500  lbm/hr  through  a  heat  exchanger,  where  its 
temperature  '  is  increased  from  80°F  to  450°F.  Assuming 
that  the  heating  process  takes  place  at  a  constant  pressure 
of  14.7  psia,  determine  the  rate  of  heat 'addition . 


Solution :  This  is  a  steady-state,  steady-flow  process  in 
which  there  is  no  work  transfer.  Neglecting  the  changes  in 
kinetic  energy  and  potential  energy,  the  first  law  applied 
to  ra. steady  flow  process  yields  •  <  ,  .  '■  * 

o  _  m(h2-hx ) 
w  -  M  t 


where 

h2  =  enthalpy  of  the  mixture  at  450°F 
hi  =  enthalpy  of  the  mixture  at  80°F 

o  * 

m  =  mass  flow  rate  of  mixture 

•  ‘  .  .  .’  1  .  -v.‘  r  ,k 

M  =  molecular  weight  of  mixture. 

*  * 

For  an  ideal-gas  mixture  of  fixed  proportions  and  of 
constant  specific  heat  capacity. 
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where 


Q  -  g  cp(T2-Tl) 


c  =  constant  pressure  specific  heat  capacity  of 
p  the  mixture 

The  molecular  weight  of  the  mixture  is  given  by 

M  =  IX, M.  ' 

*  1  1  f  i 

=  0.4(28)  +  0.6(39.95)  * 

~  35.17  lbm/lbmol. 


The  constant  pressure  specific  heat  capacity  of  the  mixture 
is  given  by 


7 

Taking  cp  for  N2  as  ^  Ru>  . 

5 

and  for  argon  as  2  Ru»  „ 

cp  ■  °-4  (I  Ru)  +  °-6  (I  Ru) 

!  =  2.9  Ru 

=2.9  (1.986) 

<"  i. 

=  5.759  Btu/lb-mol  -  °R  , 

!|i 

Substituting  the  values  into  the  equation  for  the  rate  of 
heat  addition  gives  .«  . 

9  _  2500(5. 759)(450-80) 

Q  ~  35.17^  :  f;  ■ 


=  151466.45  Btu/hr . 


AIR  -  VAPOR  MIXTURES 

•  PROBLEM  10-14 


A  rigid  insulation  tank,  consisting  of  two  compartments 
separated  by  a  wall,  has  1  mole  of .oxygen  at  35  PSia  and 
65 °F  in  one  compartment,  and  2  moles  of  nitrogen  at  14  p 
and  120 °F  in  the  other  compartment.  If  the  partition  is 
removed  to  allow  the  gases  to  mix  adiabat ically ,  calculate 
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(a)  the  equilibrium  temperature  and  pressure  of  the 

mixture ,  and  v 

(b)  the  change  in  entropy  for  each  gas  and  for  the 

•mixing  process.  .  <  .  ■ 


Solution:  For  the  low  pressures  involved,  the  gases  are 

assumed  to  behave  as  ideal  gases.  Since  both  the  heat 
transfer  and  work  done  are  zero,  the  first  law  for  a  closed 
system  dictates  that  AU  =  0, 

i-e-,  n0cvO(Tf"TO)  +  nNCvN(Tf~TN)  =  0 

where  the  subscripts  0,  N  and  f  denote  oxygen,  nitrogen 
and  final  state,  respectively.  ,  - 

Substituting  the  values, 

l(5.02)(Tf-65)  +  2(4.97)(Tf-120)  =  0 


Therefore , 


Tf  =  101. 5°F 


The  final  pressure  is  determined  from  the  ideal  gas  relation 
PV  =  nRuT.  The  total  volume  is  the  sum  of  the  volumes  of 
the  original  compartments,  which  may  also  be  determined 
from  the  same  equation. 

Hence,  volume  of  the  original  oxygen  compartment  is 

n„R  T_ 

„  0  u  0  , 


=  1(1545X525) 

.  -  ,•  ,  ,35(144) 

=  161  ft3 

and  volume  of  original  nitrogen  compartment 


VN  = 


n.TR  Tm 
N  u  N 


2(1545 ) ( 580) 
14(144)  ' 

=  889  ft3 

Therefore,  the  total  volume  of  the  tank  is 


V  =  v  +  v 

v  0  VN  i. 


=  161  +  889 
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=  1050  ft3 


Then  the  mixture  pressure  is 


nR0T 
p  “  "v“ 

'  ,<  :.V  ■*'  *  >  .f  ■ 

=  3( 1545 ) ( 561 . 5 )  '  * • 

1050(144) 

=  17.2  psia 

(b)  The  change  in  entropy  of  each  constituent  gas  is  found 
by  ;  ■ 

As  =  (As  from  change  in  temperature) 

<.  ■* 

+  (As  from  change  in  volume) 


i.e.  , 


AS  -  cv  in  if  +'-Ru  in  % 


Therefore,  the  change  in  entropy  of  oxygen  is 


ASq  =  nQAs0  =  1  5.02  In 


561.5  .  ,  1050 

"W  +  1‘986  ln  “ieT 


=  4.06  Btu/°R 


Similarly,  for  nitrogen, 


>N  =  nNAsN  =  2  4.97  ln 


Tsir  +  1-986  ln  w 


=  0.34  Btu/°R 

The  change  in  entropy  for  the  process  is 

•>j  * . 

AS  =  ASQ  +  ASn 

=  4.06  +  0.34 
=  4.4  Btu/°R. 


•  PROBLEM  10-15 


An  air-vapor  mixture  having  a  volume  of  2500  ft3  is  at 
75 °F  and  14.7  psia,  and  has  a  relative  humidity  of  50%. 
Compute  (a)  the  humidity  ratio,  (b)  the  dew-point,  (c) 
the  mass  of  air,  and  (d)  the  mass  of  water  vapor. 


Solution:  (a)  The  relative  humidity  is  defined  as 
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where  p  =  p  -p  =  14.485  psia 
a  t  v 

=  *  =  2500  ft3 

R  =  53.35  ft.lbf/lbm°R 
a  ,  , 

*T  =  75°F  =  535°R 

>  l  *  i  ■  * 

Substituting  the  values, ' 

_  =  ( 14 . 485 ) ( 144 ) ( 2500 ) 

a  (53.35X535) 
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=  182.7  ,lbm 


Cd)  The  humidity  ratio  is  defined  as 


Therefore,  mass  of  vapor  is 


m  =  (u>)(m  ) 
v  a 


=  0.00923  (182.7) 


=1.69  Ibm. 


•  PROBLEM  10-16 


A  sling-psychrometer  reads  85°F  DBT  and  65°F  WBT  (DBT  = 
Dry  bulb  temp.,  WBT  =  Wet  bulb  temp.).  Calculate  the 
following :  .  / 

(a)  Specific  humidity  (b)  Relative , humidity  (c)  Dew 
point  temperature. 

Assume  atmospheric  pressure  to  be  14.7  psia. 


Solution:  In  a  sling-psychrometer,  an  adiabatic  saturation 

process  takes  place,  and  the  given  DBT  and  WBT  correspond 
to  the  inlet  and  outlet  temperatures  i.e.,  unsaturated  mix¬ 
ture  and  saturated  mixture  temperatures,  respectively. 

«!i 

(a)  The  specific  humidity  of  the  saturated  mixture  w2 
is  given  by  . 


w2  =  0.622 


pt"Pv2 


where  p  =  saturation  vapor  pressure  at  the  WBT. 

V  2  ^ 

p^  =  total  pressure 

From  steam  tables,  the  saturation  vapor  pressure  at 
temperature  65°F  is  0.3057  psia. 


Hence 


,  n  fi22  (  0.3057  \ 

-  U.iozz  ^i4.7_o.  3057  } 


=  0.0132  Ibm  water/ lbm  dry  air 


The  specific  humidity  of  the  air  is  given  by 
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0)1 


_  cpa(T2~'^1  ^  +  ^bfg, 

h  -h 
v  i  f  2  „ 


where  c  32  constant  pressure  specific  heat  of  air 
P3. 

hfg  ~  evaP°rat*on  enthalpy  of  water  at  65°F 

hvi  =  saturated  vapor  enthalpy  at  85°F  ? 

h_  =  saturated  water  enthalpy  at  65°F 
I  2 


From  the  steam  tables  ,  * 

h,  =  ,1056.8  Btu/lbm 
fg2 

h„  =  33.09  Btu/lbm 
I  2 

h  =  1098.6  Btu/lbm 

.  .  Vi 


Substituting  into  the  equation  for  o)i  , 


0)!  = 


_  0.24(65-85)  +  0.0132(1056.8) 


(1098.6-33.09) 


=  0.00859  Ibm  water /Ibm  dry  air 

(b)  The  specific  humidity  of  the  unsaturated  mixture  is 
also  given  by  *  * 


o)  i  =  0.622 


-Pt-Pv, 


where  pv  '=  saturation  vapor  pressure  at  DBT . 

^  -  * 

The  above  equation  can  be  written  as 

Pt(o)i ) 


V!  :  0.622  +  (jl)  i 

^  (14. 7)(0. 00859) 
0.622  +  0.00859 

=  0.2002  psia 


The  relative  humidity  of  the  unsaturated  mixture  is. given 

b*  :  .  , 

V  ^ 

if 

where  p  «  saturation  pressure  at  DBT. 

&  i 


From  steam  tables,  p  =  0.5964  psia 

gi 
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Therefore  , 


0.2002 

* 1  0.5964 

»  0.3357  "  ^ 

=  33.57% 

(c)  The  dew  point  temperature  corresponds  to  the  saturation 
temperature  of  water  vapor  in  the  mixture  of  air  and  water 
vapor. 

The  partial  pressure  of  the^vapor  is 

p^  =  0.2002  psia 

The  corresponding  saturation  temperature  gives  the  dew 
point  temperature  (DPT).  ^ 

From  steam  tables  , 


DPT  =  53 . 1°F 

4 


b  •  PROBLEM  10-17 

A  tank  contains  saturated  air-vapor  mixture  at  240°F  and 
55  psia.  If  the  mixture  contains  1  lb  of  dry  air, 
calculate  the  volume  of  the  tank  and  the  mass  of  water 
vapor  in  the  mixture. 


Solution:  The  volume  of  the  tank  is  the  volume  occupied  by 

1  lb  of  dry  air  at  its  partial  pressure.  From  Dalton’s  law, 
the  partial  pressure  of  air  (p&)  is 

ea  =  PfPv 

where  p^  =  total  pressure 

=  partial  pressure  of  vapor 

But  it  is  given  that  the  mixture  is  saturated. 

Therefore,  py  =  saturation  vapor  pressure  at  240°F 
=  24.97  psia 

Therefore,  pa  =  55-24.97  *  i 

=  30.03  psia.  ;  • 

The  volume  occupied  by  1  lb  of  air  at  30.03  psia  is  given 
by  the  ideal  gas  equation, 
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•  PROBLEM  10-18 

A  rigid  tank  contains  1  lbm  of  air  and  0.2  lbm  of  saturated 
water  vapor  at  250°F.  Determine  the  volume  of  the  tank  and 
the  total  pressure  of  the  air-vapor  mixture. 


Solution:  The  volume  of  the  tank  is  the  volume  occupied  by 

the  0.2  lbm  of  saturated  water  vapor  at  250°F.  ^ From 
saturation  steam  tables,  the  saturation  pressure  (py)  and 

specific  volume  of  saturated  vapor  (v  )  at  250°F  are 

py  =  29.82  psia 
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v  =  13.83  ft 3 /lbm 
g 

Therefore,  the  volume  occupied  by  0.2  lbm  of  saturated  vapor 
is  V  =  0.2(13.83)  t 

’  .  i  -  i  *'  -  J  "  ;ti- 

=  2.766  ft3 

■  *  ’  M 

Therefore,  the  volume  of  the  tank  is  V  =  2.766  ft3. 

4 

From  Dalton’s  law  of  additive  pressures,  it  can  be  inferred 
that  each  gas  acts  independently  of  the  others  present  in 
the  mixture.  4 

Then,  the  total  pressure  of  the  mixture  is  equal  to  the  sum 
of  the  pressures  exerted  by  the  vapor  and  air.  The  volume 
occupied  by  air  is  equal  to  the  tank  volume.  Then,  from  the 
ideal  gas  equation,  the  partial  pressure  of  the  air  is 

m  R  T 
a  a 


J  1( 53 . 35 ) ( 710 ) 

,  ( 2 . 766 ) ( 144 ) 

=  95.1  psia 

Therefore,  the  total  pressure  of  the  mixture  is 

Pt.-pv  +  pa 

=  29.82  +  95.1 


=  124.92  psia. 


•  PROBLEM  10-19 

The  metal  beaker  of  a  dew-point  apparatus  is  gradually  . 
cooled  from  room  temperature,  75°F.  When  the  beaker 
temperature  reaches  60°F,  the  moisture  of  the  room  air 
starts  condensing  on  it.  Assuming  the  room  air  to  be  at 
14.7  psia,  determine  (a)  the  partial  pressure  of  vapor, 
and  (b)  the  parts  by  mass  of  vapor  in  the  room  air. 


Solution:  The  temperature  at  which  the  moisture  in  the 

air  starts  condensing  is  the  dew-point  temperature. 
Therefore,  the  dew-point  temperature  is  given  as  60°F. 

The  partial  pressure  of  the  water  vapor  in  the  room  air  is 
equal  to  the  saturation  pressure  corresponding  to  the 
dew-point  temperature,  60°F. 

From  saturation  steam  tables  , 


639 


Pv  =  0.2563  psia 

Therefore,  the  partial,  pressure  of  vapor  is  0.2563  psia. 

(b)  Dalton’s  law  of  partial  pressures  states  that 

P  =  p  +  p 
*a 

where  P  =  total  pressure  (room  pressure,  14.7  psia) 

.  '  .  I  •*:.  -  - 

r  '  p  -  partial  pressure'  of  dry  air 

Therefore,  the  partial  pressure  of  dry  air  is 
...  *  '  ‘  ,  p  *  14.7-0.2563 

a 

\  m  i  *  • 

=  14.4437  psia 


From  the  definition  of  mole  fraction  , 


n  p 
_  a  _  a 

^a  n  p 


and 


*  -  n  p 

=  _v  _  fv 

n  p 


From  the  definition  of  molecular  weight, 

i  m  =  nM 

Therefore,  the  parts  by  mass  are 


m 

n  M  p  M 

a 

= 

a  a  _  *a  a 

t  -r  v  ■  - 

*  m 

nM  PM 

m 

n  M  p  M 

and  -  1  - ' 

V 

— 

V  V  _  *V  V 

* 

>  m 

nM  PM 

Therefore,  , 

’  (.4 

1 

n 

* 

m 

p  M 

s 

a 

_  a  a 

> 

m 

p  M 

V 

*v  V 

(14.4437X29) 

•f  .  4* 

> 

(0.2563X18) 

i  ■ 

*=  90.8  ’ 

m  +m  m 

Then,  r  . 

a  v  _  a 

m  m 

V  V 

+  1  =  90.8  +  1 

=  91.8 
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But  m  +  m  =  m 

a  v 

Therefore,  the  parts  by  mass  of  vapor  in  the  room  air  is 


m  91.8 
=  0.01089. 


•  PROBLEM  10-20 

An  air-vapor  mixture  consisting  of  1  Ibm  of  dry  air  and 
0.015  lbm  of  vapor  is  at  85°F  and  20  psia.  Find  the 
partial  pressure  of  water  vapor.  " 


Solution :  It  is  unknown  whether  the  mixture  is  saturated 

or  not.  The  maximum  partial  pressure  of  vapor  is  the 
saturation  pressure  of  the  vapor  corresponding  to  the 
mixture  temperature. 

Therefore,  the  maximum  partial  pressure  of  vapor  that  could 
be  exerted  is  (from  Steam  Tables  at  85°F) 


pv  =  0.5964  psia 

-  ’  "  i 

I . 

If  the  water  vapor  is  in  the  superheated  state,  then  the 
partial  pressure  is  given  by 

Pv  ^  xvPt 

where  xv  ~  mole-fraction  of  vapor 

f-  :  'ti'*  . 

pt  =  total  pressure 

S  j  :I 

The  mole-fraction  of  the  vapor  is  defined  as 

(m  /M  ■) 
v  v 

xv  ”  (m ,/M  )  +  (m  /M  ) 

V  V  d,  <x  > 

...  =!’ 

where  v 

m  =  mass 

M  =  molecular  weight 


Therefore , 


_  (0.015/18) 

xv  (0.015/18)  +  (1/29) 
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=  0. 023596  s'  " 


The  partial  pressure  of  the  vapor  is  . 

py  =  0.023596(20) 

r 

=  0.4719  psia 

y'-  «  {  *  « 

Since  this  pressure  is  less  than  the  saturated  pressure » 
the  vapor  must  be  superheated. 

Therefore,  the  partial  pressure  of  the  vapor  is  0.4719 
psia.^  f  _  - 


A  saturated  air-water-vapor  mixture  is  at  -80°F  and 
14.7  psia.  Determine  its  humidity  ratio. 


Solution:  Humidity  ratio  is  defined  as 


w  =  0.622 


Pt"Pv 


where  py  =  partial  vapor  pressure 

:  ,  a  j 

But  since  the  mixture  is  saturated,  i 

Pv  =  saturation  vapor  pressure 

But  the  saturated  steam  tables  do  not  give  saturation 
pressures  for  temperatures  less  than  -40°F.  However  it  can 
be  noticed  that  the  evaporation  enthalpy  (hfg)  is  relatively 

constant  in  this  range.  Taking  the  evaporation  enthalpy 
^nfg^  as  constant(  the  saturation  pressure  at  -80°F  (380°R) 
can  be  found  by  integrating  the  equation 

IP  _(hg~hf) /dT\  i 

'  P  ■  ;  RT  \T  ) 

between  the  limits  of  -80°F  and  -40°F. 

Integrating, 


2  2  h 
I  _  r  dT 

K  P  J.  R  Ta 


In  (hzh 


/T2-Ti\ 
l  TiT2  J 


6kZ 


From  steam  tables, 


at  T2  =  -  40 °F  =  420°R 

P2  =  0.0019  psia 

and  h^  =  1221  Btu/lbm 

Substituting  the  values  into  the  above  equation  , 


1  r 

,  / 0 . 0019 \  1221  K  420-3 

ln  \  P7“  j  (1.986/18.02)  ( 420 ) ( 


=  2.7766 


0 . 0019  _  2,  7  7  6  6 

Pi 


-380  '• 

) ( 380) 


=  16.065 


Therefore , 


_  0.0019 
16.065 

f  =  1.18  x  10-4  psia 


Px  is  the  saturation  vapor  pressure, 


i . e.  , 


P  =  P 

v 


Substituting  the  values  into  the  equation  for  the  humidity 
ratio , 


a)  =  0 . 622 


1.18  x  1Q~ 
14.7-1.18  x  10‘ 


=  4.99  x  10  6  lbm  water/lbm  dry  air 


'  •  •  PROBLEM  10-22 


A  certain  sample  of  room  air  at  14.7  psia  has  dry  bulb  and 
wet-bulb  temperatures  of  80°F  and  70°F,  respectively. 
Calculate  (a)  vapor  pressure,  (b)  relative  humidity, 

(c)  specific  humidity,  (d)  density  of  dry  air,  (e)  density 
of  the  vapor  in  the  mixture,  and  (f)  enthalpy  of  the 
mixture/lbm  dry  air. 


Solution:  (a)  The  saturation  vapor  pressure  at  the  wet- 

bulb  temperature  of  70°F  can  be  obtained  from  steam  tables 

From  the  saturation  steam  tables, 
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pvw  =  0.3632  psia 

The  vapor  pressure  of  the  room  air  may  be  obtained  from  the 
equation 

.  (Pt-pvM)(Td  -V 

Pvd  Pvw  2800-1.3  T 

(jJ 

i  ;j.  '  4  .  >• 

The  subscripts  d  and  w  defer  to  the  dry-bulb  temperature 
and  wet-bulb  temperature  conditions. 


Pv  =  vapor  pressure 

.  M  . 

Pt  =  total  pressure 


Substituting  the  values  into  the 'above  equation 

^Vu 

=  0.3103  psia 


_  n  -  (14.7-0.3632X80-70) 

'vd  °  2800-1.3(70) 


(b)  For  a  dry-bulb  temperature  of  80°F,  the  saturation 
vapor  pressure  in  the  mixture  is  obtained  from  saturation 
steam  tables. 

Pg^  =  0.5073  psia 


The  relative  humidity  is  defined  as 


0.3103 

0.5073 

=  0.612 


* 


(c)  Assume  the  water  vapor  and  air  in  the  mixture  to  be 
ideal  gases.  Then  the  specific  humidity  is  given  by 


w  =  0.622 


vd 


pfpvd 


it  i 


-  0.622  x 


0.3103 


14.7-0.3103 
0.0134  lbm  water/lbm  dry  air 


(d)  The  density  of 
equation  * 


dry  air  is  given  by  the  ideal  gas 


pa  = 


pt-pvd 

Vd 
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(14. 7-0. 3103X144) 
.  (53.35X540),, 


=  0.072  lbm/ft 


(e)  The  specific  humidity  is  defined  as** 


w  = 


m 


m 


>'k’l 


Since  both  the  vapor  and  dry  air  occupy  the  same  total 
volume,  the  mass  ratio  can  be  replaced  by  the  ratio  of 
densities, 


P„ 


l .  e . 


i- 


Therefore,  vapor  density  p  =  up 

V  1  a 


=  0.0134(0.072) 

=  0.00096  lbm/ft3 

(f)  The  enthalpy  of  the  mixture  is  the  sum  of  the  enthalpies 
of  the  dry  air  and  water  vapor  (Gibbis-Dalton  law). 

f  '  >  5 

The  enthalpy  of  the  mixture  per  Ibm  of  dry  air  is  given  by 


where 


h  =  h  +i  wh 
a  v 


ft 


h  =  enthalpy  of  dry  air  (h  can  be  written  as 
a  a 

C  f  T 
pa  d 

where  C  constant  pressure  specific  heat  of 

pa  air) 


and 


hv  =  enthalpy  of  saturated  vapor  at  80°F 


From  saturated  steam  tables, 


h  -  1096.4  Btu/lbm 
v 


Therefore , 


h  =  (0.24X80)  +  (0.0134)  (1096 . 4  ) 

=  33.89  Btu/lbm  of  dry  air 

;{  c 

It  is  important  to  note  the  complete  arbitrariness  of  this 
enthalpy  value.  The  enthalpy  of  thd  air  was  chosen  to  be 
zero  at  0°F,  and  the  enthalpy  of  the  water  vapor,  on  the 
basis  of  the  steam  tables,  is  zero  as  a  saturated  liquid  at 
32°F.  If  differences  in  enthalpies  -are  to  be  calculated 
for  engineering  purposes,  the  enthalpy  at  each  state  must 
be  based  on  the  same  reference  values.  1  *  ‘ 
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•  PROBLEM  10-23 


*  ' 


An  air-vapor  mixture  consisting  of  1  lbm  of  air  and  0.92  lbm 
of  water  vapor  is  isentropically  compressed  from  45  psia  and 
240°F  to  90  psia.  For  this  process  determine  (a)  the  final 
temperature,  and  (b)  the  change  in  entropy  of  each  constituent. 


Solution:  The  number  of  air  moles  present  in  1  lbm  is  given 

by 


where  m  =  mass  of  air 
a 

M  =  molecular  weight  of  air 
& 


j.  "a..=  29 

...  _  *  . ,  =f0. 03448  lb  mole 

I 

Similarly,  the  number  of  moles  of  water  vapor  in  0.92  lbm 

is  1  4  .  if  “ 


nw  M 


& 


raw- 

w 

0.92 

18 


=  0.05111  lb  mole 


The  mole  fraction  of  air  X  is  * 

a 


*a  n  +n 
a  w 


and 


0.03448 

0.03448  +  0.05111 

=  0.403 

^  -  .1 

X  =  1-X 
Aw  a 

=  1-0.403  .  - 

=  0.597  , 


The  total  entropy  change  of  the  mixture  is  given  by 
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ds  =  (x  C  +YC  >  -  R 

Aa  pa  Aw^pw;  T  up 

1  J‘ 

But  for  isentropic  compression  process  ds  =  0 


Therefore 


/  ^  \  dT  _  D  dP 

(xa  CPa  Xw  cPw )  T  Ru  P 


Assuming  the  heat  capacities  to  be  constant  in  the  compres¬ 
sion  range,  after  integration,  the  above  equation  is 

■  li 

<Xacpa + Xw  <W  ln  (Tf)  "  Ru  ln  (ft) 

()o. 403  (7.01)  +  0.597  (7.95)Jln  (^)  =  1.986  ln  (ff) 

i.e.,  In  =  0.2623  ln  (2)  [ 


T2  =  700(2)U*“/J 
=  840°R  ( 380°F ) 


(b)  The  entropy  changes  of  the  individual  gases  in  the 
mixture  are  given  by 

j. 

•  Asi  ■  V  ln  (it)  '  Ru  ln  (I77)  f  -* 

Since  the  mole  fraction  of  either  gas  does  not  change 
during  the  process,  the  ratio  of  partial  pressures Min  this 
equation  is  the  same  as  the  ratio  6f  total  pressures  of  the 
mixture >  .  ♦  .  '  !i* 


1 .  e .  , 


Then  the  change  in  specific  entropy  of  air  is 


Asa  cpa  ln  (ti)  Ru  ln  (pi) 

H  -  ■* 

=  7.01  in  (fff)  "  1-986  in  (|§)  . 

’If 

a  - 0 . 098 5  B t u / 1 b  mo 1 e  0  R  :  1  ’  ^ 


The  total  change  in  entropy  of  air  is 

AS  =  n  As^ 
a  a  a 


a  0.03448(-0.0985) 


=-0.0034  Btu/°R 


_  ,  i  K 

Since  the  overall  process  is  isentropic,  the  sum  of  AS  for 
air  and  vapor  should  be  zero.  Therefore,  the  change  in 
entropy  of  vapor  is  equal  to  -AS 

& 


i,e.  , 


=  0.0034  Btu/°R 


The  change  in  specific  entropy  of  vapor  is 


r  * 
^  * 


ASW  " 

0.0034 

0.0511 

0.0665  Btu/ lb-mole 


°R 


AIR  CONDITIONING  PROCESSES 

•  PROBLEM  10-24 


An  air-vapor  mixture,'  initially  at  60°F  and  55  percent 
relative  humidity,  is  heated  until  its  temperature  reaches 
85°F .  Determine 

v  is  ^  *  4 

*  -  * 

(a)  the  initial  and  final  specific  humidities 

*  - '  \  .  * 

(b)  the  final  relative  humidity,  and 

(c)  the  amount  of  heat  added  per  lbm  of  dry  air. 

Assume  the  mixture  to  be  at  a  pressure  of  14.7  psia. 


Solution:  (a)  Heating  an  air-vapor  mixture  at  constant 

specific  humidity,  i.e. ,  without  any  change  in  its  moisture 
content ,  is  called  a  sensible  heating  process.  Therefore, 
the  initial. and  f inal? specif ic  humidities  are  equal. 

'  *-  *  \ 

The  specific  humidity  at, the  initial  stage  is  given  by 


w  =  0.622  . -~V  ■ 

.  Pt"PV 

where  pv  =  partial  vapor  pressure 
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=  total  pressure  i 

The  partial  vapor  pressure  is  given  by  the  definition  of 
relative  humidity 


p  =  saturation  vapor  pressure 
g 

Therefore.  I:  f  ■  ‘  _  '  1 

V*  V*5  ...  r 

The  value  of  p  can  be  obtained  from  saturated  steam  tables 
g  .1  ■ 

For  T  =  60°F,  p  =  0.2563  psia 
g 

Substituting,  *» 

“  •  ■.  « 

pv  -  0.2563  (0.55) 

=  0.141  psia 

■  * 

I 

Substituting  the  values  into  the  equation  for  specific 
humidity,  ,  0  . 

oj  0.622  (i4.7_o.i4iJ  ;  +  , 

=  0.00602  lbm  vapor/ lbm  dry  air 

(b)  At  the  final  state,  i.e.,  at  T  *  85°F,  the  specific 
humidity  is  0.00602  lbm  vapor/lbm  dry  air,  t> 


i.e.  , 


py  =  0.141  psia 


The  saturation  pressure  at  temperature  85°F  is 

p  =  0.5964  psia 
g 

Therefore,  the  relative  humidity 


0.141  . 

0.5964 

=  0.2364  ... 

1 

i.e.,  =  23.64  percent 

(c)  The  amount  of  heat  added  per  lbm  of  dry  air  is  given 
by 

.  .  Q  »  H2-H!  )■  a . 
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where  H2  =  final  state  enthalpy 


•  PROBLEM  10-25 

Atmospheric  air  at  29.92  in  Hg  pressure  and  dry  bulb  and 
wet  bulb  temperatures  of  60°F  and  50°F,  respectively,  is 
heated  in  a  heating  coil’to  80°F.  Determine  the  wet  bulb 
temperature,  relative  humidity  and  specific  humidity  of  the 
air  leaving  the  heating  coil.'fAlso  calculate  the  sensible  heat 
added  per  lbm  of  dry  air.  Solve  the  problem  with  the  help 
of  the  psychrometric  chart.  A 
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( 60UF)  and  wet  bulb  temperature  (50°F)  lines  intersect  at 
point  1,  which  locates  the  condition  of  the  entering  air. 

Draw  a  horizontal  line  from  point  1  to  cut  the  80 °F  dry  bulb 
temperature  line  at  point  2.  The  sensible  heat ing . process 
is  indicated  by  the  line  1-2.  The  condition  at  which  air 

comes  out  of  the  heating  coil  is  represented  by  point  2. 

Reading  from  the  chart,  corresponding  to  point  2, 

the  wet  bulb  temperature  is  58.3°F, 

the  relative  humidity  is  25%,  and 

the  specific  humidity  is  0.0054  lbm  vapor/lbm . dry  air. 

*  * 

The  sensible  heat  added  per  lbm  of  dry  air  is  given  by  the 
difference  in  enthalpy  at  point  1  and  point  2. 

. 6 

Enthalpy  at  point  1  is  20.3  Btu/lbm  of  dry  air. 

Enthalpy  at  point  2  is  25.3  Btu/lbm  of  dry  air. 

Therefore,  sensible  heat  added. is  25.3-20.3  >  iM 

■t 

=  5  Btu/lbm  of  dry  air. 

,  i:-  ,  ;  ^  ft 

>  -  V 

K  •  PROBLEM  10-26 


2000  cfm  of  air  at  88°F  and  30%  relative  humidity  is  cooled 
to  63  °F ,  maintaining  its  specific  humidity  constant.  Using 
the  psychrometr ic  chart,  find  the  relative  humidity  of  the 
cooled  air  and  the  amount  of  heat  removed  per  minute. 


Solution :  Referring  to  the  figure,  the  88°F  dry  bulb 

temperature  line  and  30%  relative, humidity  line  intersect 
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at  point  1.  This  point  shows  the  condition  of  the  entering 
air.  T  : 


From  that  chart,  it  can  be  seen  that  the  specific  volume  of 
air  at' point  1  is  approximately *14  ft3/lbm  dry  air.  1 

h  .  >  * 


Therefore 


the  mass  flow  rate  of  air 

■r 

I  4 


m 


2000 

14 


is 


.  =  142.86  lbm  dry  air/min. 

To  find  the 'condition  of  the  cooled  air,  a  . horizontal  line 
is  drawn  through  point  1  to  cut  the  63°F  dry  bulb  temper¬ 
ature  line  at  point  2.  r  - 

^  :  I  \ 

The  cooling  process  with  constant  specific  humidity  is  i 

represented  by  the  line  1-2.  l 

The  condition' of  the 'cooled  air  is  represented  by  point  2. 

Reading  from  the  chart,  the  relative  humidity  of  the  cooled 
air  is  70%. 

The  amount  of  heat  removed  per  minute  is  given  by 

q  =  m(hi -h  2 )  ; 

where,  h  =,  enthalpy  of  air  in  Btu/lbm  dry  air 

From  the  chart  , 

•  V  \  ■  ■ 

*  hi  ='31.5  Btu/lbm  dry  air 

f  ...  i.  ? 

f  -  ’  1  h2  -  24.5  Btu/lbm  dry  air 

i 

Therefore , 

q  =  142.86  (31.5-24.5) 

^  ^  =  1000  Btu/min. 

) 

\  _ 

/  •  PROBLEM  10-27 


2000  cfm  of  air  at  90°F  and  15%  relative  humidity  is  passed 

through  an  evaporative  cooler  (adiabatic  humidifier). 

(a)  If  the  final  temperature  is  65°F,  find  the  relative 
humidity  of  the  exit  air  and  the  amount  of  water 
vapor  added  to  the  air  per  minute.. 

(b)  Find  the  minimum  temperature  that  could  be  achieved 
by  this  process. 

Solve  the  problem  with  the  help  of  psychrometric  chart. 


_J£ 
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Solution:  Referring  to  the  figure,  the  90°F  dry  bulb 

temperature  line  and  15%  relative  humidity  line  intersect 
at  point  1.  This  point  shows  the  condition  of  the?*entering 
air. 

n>  ■■■*. 

(a)  From  the  chart,  it  can  be  seen  that  the  specific  volume 

of  air  at  point  1  is  13.95  ft3/lbm  dry  air.  Therefore,  the 
mass  of  flow  rate  of  air  is  ^ 

_  2000 

m  13.95  !; 

-  143.37  lbm  dry  air/min. 

Since  the  air  is  undergoing  adiabatic  humidification  in  the 
cooler,  the  cooling  process  should  be  of  constant  enthalpy. 
Point  2  is  given  by  the  intersection  of  the  constant 
enthalpy  line  through  point  1  and  the  65°F  dry  bulb 
temperature  line.  v 

From  the  chart,  the  relative  humidity  at  point  2  is 

4>2  =  76%  •  - 

ft 

The  amount  of  water  vapor  added  to  the  air  per  minute  is 
given  by 

mv  =  m(w2-wi) 

From  the  chart, 

w 2  =  0.0100  lbm  vapor /lbm  dry  air 

coi  =  0.0043  lbm  vapor/lbm  dry  air 

Therefore ,  ■-  j;, 

m  =  143.37(0.0100-0.0043) 
v 

T  4  •  • 

=  0.817  lbm  vapor /min. 

:  *  *  - 

(b)  The  minimum  temperature  that  could  be  achieved  by  this 
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process  is  the  adiabatic  saturation  value,  i.e.,  the  wet 
bulb  temperature  of  the  initial  state.  From  the  chart,  this 
temperature  is  60°F. 


•  PROBLEM  10-28 


Atmospheric  air  at  60°F  with  a  relative  humidity  of  20 
percent  is  humidified  under  steady  state  conditions  to  a 
specific  humidity  of  35  grains  of  vapor/lbm  of  dry  air. 
Using  the  psychrometr ic  chart,  compare  the  processes  given 
below  with  regard  to  the  final  relative  humidity,  final 
temperature,  and  amount  of  heat  transfer  per  lbm  of  drv 
air:  J 

(a)  adiabatic, 

(b)  constant  dry-bulb  temperature,  and 

(c)  constant  relative  humidity. 

Take  atmospheric  air  to  be  at  a  pressure  of  14.7  psia  and 
the  humidifying  of  water  to  be  at  60°F. 


*7.)  Ttt(*T)  <?(Blu) 


Initial  conditions 

20 

60 

_ 

Adiabatic  process 

72 

47.5 

0 

Consta  nt-7*  process 

45 

60 

3.1 

Constant-^  process 

20 

84 

9.1 

lotion:  The  solution  is  shown  on  the  psychrometric  chart. 
Initial  state  is  point  1.  It  is  located  at  the  inter- 
sec  ion  of  the  60°F  dry-bulb  temperature  line  and  20% 
relative  humidity  line.  Absolute  humidity  at  point  1  is 
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read  from  the  chart  as  15  grains  vapor/lbm  of  dry  air. 

(a)  The  final  state  reached  by  the  adiabatic  process  is  point 
2.  It  is  on  the  same  enthalpy  line  that  passes  theough  point  1. 

(b)  The  final  state  reached  by  the  constant  dry-bulb  temperature 
process  is  point  2’ .  It  is  on  the  same  dry— bulb  temperature 
line  as  point  1. 

(C)  The  final  state  reached  by  constant  relative  humidity 
process  is  point  2”.  It  is  on  the  .same  relative  humidity 
line,  20%. 

The  three  points  2,  2',  and  2"  lie  on  the  35  grains  vapor / 
lbm  of  dry  air  humidity  ratio  line. 

•  PROBLEM  10-29 


The  figure  below  shows  two  streams  of  air  being  mixed 
together  during  an  adiabatic  steady  flow  process.  Each 
stream  has  a  pressure  of  100  kPa.  One  stream  has  a 
temperature  of  40°C,  a  40%  relative  humidity  and  flows  at 
the  rate  of  10  kg/min.  The  second  stream  has  a 
temperature  of  10°C,  a  100%  relative  humidity  and  flows  at 
the  rate  of  15  kg/min.  Calculate  the  specific  humidity 
and  the  final  temperature  of  this  mixture. 


Solution :  The  humidity  ratio  (specific  humidity)  w 

describes  the  quantity  of  water  vapor  in  a  mixture  in  terms 
of  the  amount  of  dry  air  present .  It  is  defined  as  the 
ratio  of  the  mass  of  water  vapor  present,  mv ,  to  the  mass 
of  dry  air,  ma»  i 


• s  v/vy 

:  '  V/V 

a 
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The  humidity  ratio  can  also  be  expressed  as 


V'»>aMa 

=RuT/pvMv 

S-  1  '■* 

M  pTr  '  •' 

v  V 

“  M  p 
a  a 

tV-  *  “ 

The  ratio  of  molar  masses  for  water  to  air  is  0.622. 


>  y. 

* ,  )  •  .*.  in  *  0. 

622  —  a  0.622  - — 

(1) 

'l 

pa  pt-pv 

( 

Using'  the  equation  of  continuity » 

•T  *  i  <  .  - 

mi 

+  m2  =  m3 

In  the  above  equation, 

m 

-  mtr  +  m 

(2) 

i 

Vi  ai 

m 

2 

=  m..  +  m 

v  2  a2 

(3) 

and 


m  =  m"  +  m 
•  3  V  3  as 


(4) 


Tx  =  40°C  (Given)  ^ 

From  the  steam  tables,  for  this  temperature  the  saturated 
water  vapor  pressure  p  =  7.384  kPa. 

gi 

The  relative  humidity  ^  ■>  _ 


<t>  =  0.4 


Vi 


*  <t»i  x  P, 


»  0.4  x  7.384 
=  2.954  kPa 
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Substituting  the  calculated  values 


.Mn^  M=  0.300  kg/min 


m  -  24.699  kg/min 

a  3 


0.300 

1  'A  .  24.699 


*  0.0121 :  • ,  . 

(b)  To  calculate  the  final  temperature: 

* 

From  the  first  law  of  thermodynamics  . 

in  h  =  m  h  +  rn  h  (6) 

a  3  3  aii  a2  i  v/ 

C  ■ 

In  equation  (6),  hi  and  h2  are  the  enthalpies  at  state  1 
and  state  2.  They  can  be  obtained  from  the  psychrometric 
chart. 

hi  =  106 . 0  kJ /kg 
"  *  '* ‘  ’  ’  /  dry  air 

h2  =  49.5  kJ/kg  ) 

Using  equation  (6), 

m  h  +  m  h 
u  _  ai  l  a2  2 


=  (9 . 814 ) ( 106 )  +  (14.885)(49.5) 
24.699 

i 

=  71.95  kJ/kg  dry  air 

Using  the  value  of  (1)3  calculated  in  part  (a)  and  the  value 
of  h3  just  calculated,  the  temperature  can  be  found 
(directly  from  the  psychrometric  chart)  to  be 

-  '  f 

T3  s  21.00 


•  PROBLEM  10-30 


2000  cfm  of  an  air  stream  at-60°F  and  0.75  relative 
humidity  is  adiabatically  mixed  with  1200  cfm  of  another 
air  stream  at  95°F  and  0.5  relative  humidity .  Determine 

(a)  the  mass  flow  rates  of  dry  air  in  the  two  streams,  and 

(b)  temperature  and  relative  humidity  of  the  mixture. 
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Adiabatic  mixing  of  two  wet  air  streams 


(a)  The  system 


(b)  The  process  representation 
as  a  psychrometric  chart 


J 

Solution;  (a)  To  calculate  the  mass  flow  rate  of  dry  air, 
the  specific  volume  of  dry  air  and  hence  the  partial 
pressure  of  dry  air  is  required.  In  some  psychrometric 
charts,  the  value  of  specific  volume  of  dry  air  can  be  read 
directly .  *  ‘  A 


For  air  at  60°F  and  0.75  relative  humidity,  the  specific 
volume  of  dry  air  is  vj  -  13.27  ft3/lbm  dry  air>  and  for  air 
at  95°F  and  0.5  relative  humidity,  ‘  « 

v 2  =  14.37  ft3/lbm*dry  air 

If  the  specific  volume  of  dry  air  is  not  given  on  the  chart, 
it  can  be  calculated  as  follows; 

At  60°F  the  saturation  vapor  ^pressure  is  taken  from  the 
steam  table  as  0.2563  psia.  From  the  definition  of  relative 
humidity,  the  vapor  pressure ’is 


t 

pv 

II 

-e- 

era 

1 

Therefore, 

V 

=?0.75  (0.2563) 

=  0.1922  psia 


Then  the  partial  pressure  of  dry  air  is 


Therefore , 


From  the  ideal 
is 


V=pt"pv  ** 

p  -■=  14.7-0.1922 
ai 

.  t  '  ;=  14.5078  psia 

gas  equation,  the  specific  volume  of  dry  air 


V, 


ai 


!j  f... 
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■ 


ii 


53.35  x  520 
14.5078  x  144 


=  13.279  f  t 3  / lbm  dry  air 


Similarly,  for  the  second  stream, 


s 

Pva 

=  0.5(0.8162)  ( 

*  * 

-  0.4081  psia 

Then 

1  j  •  -  • 

Pa, 

=  14.7-0.4081 

t 

=  14.2919  psia 

and 

R  T 

Q  ? 

V2  ~  <  ’ 

i  > 

• 

f  pa2  * 

!  , 

53.35  x  555 
14.2919  x  144 

'  =  14.387  ft 3 /lbm  dry  air  i: 

.  *  m  . 

It  can  be  seen  that  these  values  agree  with  the  values  taken 
from  the  psychrometric  chart. 

The  mass  flow  rate  of  the  dry  air  in  the  first  stream  is 

t 

_  2000 

f  i  »  v  .  x  ai  ~  13.279  ‘ 

^  r  /*"  W  f  r  r  -  .  s.  j\  ' 

=il50.6  lbm  dry  air/min 

and  the  mass  flow  rate  of  dry  air  in  the  second  stream  is 


_  =  1200 
(f  a2  (14.387 

r  * 


=  83.4  lbm  dry  air/min 

(b)  The  total  mass  of  dry  air  in  the  mixture  is 


m  =  m  +  m 
a  3  -c  ai  a 2 


*  .  =  150.6  +  >83.4 

V 

■:  1  ‘  =  .234  lbm  dry  air/min 

From  the  psychrometric  chart,  * 

W!  =  0.00814  lbm  vapor/lbm  dry  air 
hx  =  23.5  Btu/lbm  dry *air 
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o)2  =  0.01771  lbm  vapor/lbm  dry  air 

h2  =  42.5  Btu/lbm  dry  air 

% 

The  humidity  ratio  of  the  mixture  is  given  by  the  continuity 
equation  for  water  vapor,  v 

m  w,  =  m  to.  +'  m  to,  ^  . 

Substituting  the  values, 

234  o)3  =  150.6(0.00814)  +  83.4(0.01771) 

or  o)3  =  0.01155  lbm  vapor/lbm  dry  air 

=  80  grains  vapor/lbm  dry  air  !;' 

i.  ' '  t 

The  enthalpy  of  the  mixture  'is  given  by 

mh=mh+mh  * 

a  a  3  a  i  i  i  *  a  2  2  *  ■  •  * 

•  ,  .  :ifc 

Substituting  the  values, 

,  ■  a x  r 

234  h  3  =  150.6(23.5)  +  83.4(42.5) 

•  f 

or  h3  =  30.27  Btu/lbm  dry  air 

With  the  values  of  specific  humidity  and  enthalpy,  the 
state  of  the  mixture  can  be  fixed  ron  the  chart,  and  other 
properties  of  that  state  can  then  be  read  directly.  The 
temperature  and  relative  hjimidi.tyj.of  the  mixture  are  74°F 
and  66%. 

1  iiiL  ’  .1  t  :'*’i 


•  PROBLEM  10-31 


An  air-conditioning  plant  is  designed  for 

a  room  with  the 

following  conditions: 

» 

Outdoor  conditions 

40°F 

and  60%  R.H 

Required  indoor  conditions 

0 

0 

and  50%  R.H  * 

Amount  of  air  circulation 

15  ft 

3 /min/person 

*  i  . 

Room  capacity 

50 

The 

required  condition  is  achieved 

first 

by  heating  and 

then 

by  adiabatic  humidifying. 

. 

«  f. 

Find 

the  following: 

(a) 

heating  capacity  of  the  coil, 

and 

(b) 

capacity  of  the  humidifier. 
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Solution :  Referring  to  the  figure,  point  1  represents  the 

outdoor  conditions  and  point  3  represents  the  indoor 
conditions.  Process  1-2  is  the  heating  process  in  the 
heating  coil  and  process  2-3  is  the  adiabatic  humidification 
process.  Point  2  is  the  intersection. of  the  horizontal  line 
(constant  specific  humidity)  through  point  1  and  the 
enthalpy  line  through  point  3.  From  the  psychrometric  chart, 

hi  =  13  Btu/lbm  dry  air 

w1=u)2  =  0.0031  lbm  vapor/lbm  dry  air 

Vi  -  12.65  ft3/lbm  dry  air 

■  J  .  1  ' 

'*  'h2-h3'=  25.5  Btu/lbm  dry  air 

9  ,  *  't. 

>' ■  •  JT  W3  =  0;0078  lbm  vapor/lbm  dry  air 

The  mass  of  air  circulated  per  minute  is  given  by 


* 


■■ 


volume  of  air/min 
specific  volume 

50  x  15  * 

12.65 


=  59.3  lbm  dry  air/min 


(a)  The  heating  capacity  of  the  heating  coil  is  given  by 

11;V  <  n  Q  =  m(h2-hi ). 

=  59.3(25.5-13) 

^  “  741.25  Btu/min 

(b)  The  capacity  of  the  humidifier  is  given  by 


mv  =  m(  o)3 -o)2  ) 

=  59.3(0.0078-0.0031) 


=  0.279  lbm/min. 
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•  PROBLEM  10-32 


30,000  ft3/hr  of  atmospheric  air  at  a  dry-bulb  temperature 
of  95°F  and  wet-bulb  temperature  of  78°F  is  to  be 
conditioned  so  that  it  enters  a  home  at  72°F  and  50  percent 
relative  humidity.  This  is  done  by  first  cooling  below  its 
dew  point  temperature  and  then  heating.  Using  steam  tables, 
calculate  (a)  the  amount  of  moisture  removed,  (b)  the  heat 
removed  per  hour  in  the  cooling  system,  and  (c)  the  heat 
added  in  the  heating  system  in  Btu/hr. 


W*j38.  -•  * 

II  '!  T  . 

Solution:  The  psychrometric  chart  shows  the  processes.  At 

the  initial  state,  i.e.,  at  point  1,  the  DBT  and  WBT  are 
96°F  and  78°F,  respectively.  i 


From  the  saturation  steam ^tables ,  .corresponding  to  the  WBT 
of  78°F ,  •  * 

the  vapor  pressure  is  ;  p  ** =:0.4764  psia 


The  vapor  pressure  of  the  outside  air  may  be  obtained  from 
the  relation  -  •  . 

(Pt-pg1>(TdrTw,> 


Pvi  Pgi  _  2800-1. 3T 


w 


where 


Pt  =  Total  pressure  of  air  =  14,696  psia 

*  ^  4 

T^  =  Dry  bulb  temperature  (DBT) 

Tw  =  Wet  bulb 'temperature  (WBT) 


Therefore  , 


H  y>' 


66  3 


,-iH  S'-  -X,.  r.  <• 


Vl 

#  ■ 


(14.696-0.4764)05-78) 

2800-1.3(78) 


=  0.3868  psia , 


The  specif ic^ humidity  is  given  by 

i  ■  *  *  i  .  f  .  a  i 


S  ( 


oJ i  -  —  0.622 


Vi 


P4.“P 
t  Vl 


0.622(0.3868) 

(14.696-0.3868) 


I - „  -  0. 


01681  lbm  vapor/lbm  dry  air 


J  L  /  \ 

The  mass  of  dry  air  per ’hour  is  given  by 


m 


/Pt~pvi.Y/  \ 

=  Ip — f — 1  (volume  of  air/hour) 
'  \  a  di /  ' 


=  (14.696-0.3868) ... 

53.35  x  555  ( 30 , 000) ( 144 ) 

=  2088  lbm/ hr.  , 

1  *  i 

At  the  final  state,  point  3,  the  DBT  and  relative  humidity 
are  72°F  and  50%_^'  ^ 

From  saturation  steam  tables,  corresponding  to  72°F,  the 
saturation  vapor  pressure  is 

p  =  0.3899  psia 
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fFrom  the  definition  of  relative  humidity,  the  vapor 
pressure  at  state  3  is 


*  t 


P  *  =  ‘  (  d> )  p 

V3  ^g3 


i =,0.5(0.3899) 
=  0.1950  psia 


The  specific  humidity  at  state  3  is 


w3  =  0.622  - 


p. -p 
t  *v  3 


—  poo/  0.1950  ) 

X  )  1 14.696-0. 1950  j  * 

,  =  0.00836  lbm  vapor/lbm  dry  air 

The  amount  of  moisture  removed  is  given  by  * 
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mw  =  ma<wi-w3  )  - 

=  2088(0.01681-0.00836) 

=  17.7  lbm  vapor/hr 

(b)  The  dew  point  temperature  of  the  final  state  3  is  the 
temperature  at  state  2. 

•i.  ];•’ 

Therefore,  the  temperature  at  state  2  is  the  saturation 
temperature  of  vapor  corresponding  to  the  vapor  pressure 

Pv  •  .  J 

V3  -  «  '  > 

Prom  steam  tables  ,  '  j; 

T2  =  52 . 4°F 

The  enthalpy  of  an  air-vapor  mixture  is  given  by 

h  =  0.24T  +  o)hv 

where  hv  =  enthalpy  of  saturated  vapor  at'  temperature  T. 
The  enthalpy  ,  at  state  1  is  * 

hi  =  0.24(95)  +.0.01681(1102.9) 

i 

=  41.34  Btu/lbm  of  dry  air 

x  i 

The  enthalpy  of  state  2  is  , 

h  2  =  0.24(52.4)  +  0 . 00836(1084.4 ) 

=  21.64  Btu/lbm  of  dry  air.  i 

i  |; 

The  amount  of  heat  removed  -per  hour  is  given  by 

Q  =  m  [h1-h2-(^i-W2 )hf  ] 

Ha  1 2 

=  2088 [ 41 . 34-21 . 64- ( 0 . 01681-0 . 00836 ) ( 20 . 56 ) ) 

‘  ’  =  40770  Btu/  hr  ’ 

(c)  The  heat  added  in  the  heating’ section  is  given  by 

Qa  =  (h3-h2)ma  ■  *  * 

Enthalpy  at  state '3  is  given  by  h3  =cpaT3  +  w3hvJ 

h3  =  0.24(72)  +  0.00836(1092.88) 

=  26.42  Btu/lbm  dry  air 
Therefore,  ”  ;  -=! 

Qa  =  (26. 42-21. 64)  (2088)  «  -  s  . 
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I 


=  9980  Btu/hr. 

ft-**  '■ »' 


•  PROBLEM  10-33 


Atmospheric  air  at  a  dry  bulb  temperature  of  95°F  and  wet 
bulb  temperature  of  78°F  is  to  be  conditioned  so  that  it 
enters  aJhome  at  72°F  and  50  percent  relative  humidity. 

This  is  done  by:  first  cooling  below  the  dew  point 
temperature  and  then  heating.  Using  the  psychrometric  chart, 
calculate  (a)  the  amount  of  water  removed  per  lbm  of  dry 
air,  (b)  the  heat  removed  by  the  cooling  system  in  Btu/lbm 
of  dry  air,  and  (c)  the  heat  added  in  the  heating  process  in 
Btu/lbm  of  dry  air . 


!<!■,  * 


Solution :  Referring  to  the  psychrometric  chart,  it  can  be 
seen  that  process  1-2  is  the  cooling  process.  In  section 
1-2 sensible  cooling  takes  place,  and  in  -section  2'-2, 
dehumidification  takes  place  because  of  cooling  below  the 
dew  point  temperature.  State  2 . is  obtained  by  the 
projection  of  state  3  on  the  saturation  line,  because  during 
the  sensible  heating  process  2-3,  the  specific  humidity 
remains  constant.  .  " 

Therefore,  from  the  chart"  -  4 

wi  ~  w2 '  -  0.0171  lbm "vapor /lbm  dry -air 

u2  =  «3  =  0.0081  lbm  vapor/lbm  dry  air 

T2,  =  73°F ;  T2  a  52 °F -  .  f.  „  ‘  ' 
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(a)  The  quantity  of  water  removed  is  given  by  the  difference 
in  the  humidity  ratios  between  state  2*  and  2, 


W  2  *  2 

=  0.0171-0.0081 
=  0.009  lbm  vapor/lbm  dry  air 


(b)  The  enthalpy  at  state  1  is  read  from  the  chart, 
hi  =  41.5  Btu/lbm  dry  air 


At  state  2, 


h2  =  21.5  Btu/lbm  dry  air 


Therefore,  the  heat  removed  by  the  cooling  system  is 


QR 


hi-h2-((Oi-t02  )h„ 

f*  '  * 

41. 5-21. 5-( 0.0171-0. 0081) (20. 06) 


=  19.82  Btu/lbm  dry  air 


(c)  The  enthalpy  at  state  3  is  read  from  the  chart, 
h 3  -  27  Btu/lbm  dryi  air  '► 


Therefore,  heat  added  in  the  heating  process  is  * 

Qa  =  h3-h2  "  v 

=  27-21.5 

=  5.5  Btu/lbm  dry  air. 


•  PROBLEM  10-34 


A  cooling  tower  cools  150,000  lbm/hr  of  water  from  110°F  to 
85°F,  by  an  unsaturated  air  mixture  which  enters  the  tower 
at  80°F  and  60%  relative  humidity,  and  leaves  at  100°F  and 
90%  relative  humidity.  Determine  the  rate  of  air  flow  and 
the  quantity  of  water  evaporated  per  hour. 
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Warm  water 


Fig.  1. 

fr  ‘  ’  4  >' 


( 

Solution :  The  relative  humidity  of  an  air-vapor  mixture 

is  defined  as  ' '  •*  • 


where  pv  =  vapor  pressure  of  the  mixture 

p  =  saturated  vapor  pressure 
6 

At  the  inlet  section  of  air,  the  temperature  and  relative 
humidity  are  given  as  80°F  and  60%. 

From  saturated  steam  tables, 

y- 

p„  =  0.5073  psia 

gi  - 

Therefore,  from  the  definition  of  relative  humidity, 

P  =  0.5073(0.6) 

=  0.3044  psia 

The  humidity • ratio  of  air  at  the  inlet  is  given  by 


Pv 

=  0.622  — ^ 


Pt-pVl 


=  (0.622X0.3044) 
(14.7-0.3044) 


=0.01315  lbm  vapor /lbm  dry  air 

At  the  outlet  section  of  air,  the  temperature  and  relative 

humidity  are  given  as  100°F  and  90%. 

* 

From  saturated  steam  tables, 

p  =  0.9503  psia 

g2  r  ■ 


Therefore, 


and 


(0.9X0.9503) 

0.8553  psia 

^  i-  •  •• 


W  2 


=  0.622 


=  0.622 


3  "  > 

(0.8553) 

(14.7-0.8553) 


=  0.03843  psia. 

The  gain  in  humidity  ratio  of  air  is  due  to  the  evaporation 
of  water. 

Therefore,  the  mass  of  water  evaporated  is 

m  .=  id2-u>i 

W  “  .  t’  :* 

=  0.03843-0.01315 
=  0.02528  lbm/ lbm  of  dry  air 


Applying  the  continuity  equation  and  the  first  law  to  the 
system,  {  _ 

(ha1+"ihvi)  +  mf3hfs  =  <ha2+U,?hV2)  + 


<ha1+“ihvi)  : 

where  m- 
f  3 

=  mass 

mf4 

-  mass 

But 

m  -  = 

I  4 

mf3'mw 

and 

ha  " 

c  T 
pa 

The  above  energy  equation  can  be  written  as 

opa(T1-T2)  +  «xhgl  +  mf3hf3  =  “2hg2  +  Cmf3'mw)h: 

where  c  =  constant  pressure  specific  heat  of  air 
pa 
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^  saturated  vapor  enthalpy 

>  .  S  ,  r  *  ✓ 

hf  t=:  saturated  water ^enthalpy 
Substituting  values  into  the  above  equation  and  evaluating 


m 


f ,  * 


i.e.  , 


0.24(80-100)  +  0.01315(1096.4)  +  m,  (78.02) 

1 3 

=  0.03843(1105)  +  (m  -0 . 02528 ) ( 53 . 08 ) 

<  •,  .  ■  fs 

24.94  m„  =  31.51 
1  3 

m^.  =  1.263  lbm/lbm  of  dry  air 


The  rate  of  air  flow  is  given  by 

( 1+wi ) 


=  150000 


=  150000 


m 


.  f  3 

(1+0.01315) 


t  t  r 


1.263 

*  ■ 

=  120327  lbm/hr 
The  quantity  of  water  evaporated. is  given  by 


(U2-u:)  *  150000 


nr 


i'it.i  '.0— 


*  =  m  x 


150000 


w  m- 
1 3 

i  *  =  ,  *  tv  -  i"- 

=  (0. 02528 )(150000> 

f  *  +  . 

=  3002  lbm/hr. 

T  '  v  t  ^ 


►  7*  h' 


.i  .»/  ‘  *  -,r  t  „ 


7  ^  .  £l 
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CHAPTER  1 1 


CHEMICAL  REACTIONS  AND 
EQUILIBRIUM 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  671  to 
784  for  step-by-step  solutions  to  problems. 


An  important  source  of  energy  used  in  thermodynamic  cycles  is  chemical 
energy,  which  is  released  when  compounds  undergo  chemical  reactions  such  as 
combustion.  Chemical  equilibrium  determines  the  extent  of  conversion  of  reac¬ 
tants  to  products  for  chemical  reactions,  but  does  not  describe  the  rate  at  which 
reactions  proceed.  To  evaluate  equilibrium  conversions,  the  standard  free  energy 
change  for  the  reaction  is  computed,  and  this  is  used  with  the  equilibrium  constant 
to  determine  the  conversion  or  extent  of  the  reaction.  Using  the  conversion,  the 
amount  of  reactants  converted  to  products  is  determined  along  with  the  chemical 
energy  released  (exothermic  reaction)  or  absorbed  (endothermic  reaction). 

Extent  of  Chemical  Reactions 

The  stoichiometric  coefficients  v,  are  the  coefficients  on  the  compounds  or 
chemical  species  in  a  chemical  reaction.  For  the  combustion  of  methane  in  the 
reaction  given  below,  these  are  1  for  CH4,  2  for  02,  1  for  CO2,  and  2  for  H2O: 

CH4  +  202  —  C02  +  2H20  (1) 

The  extent  of  the  reaction  a  is  a  single  variable  which  is  the  ratio  of  the 
molar  amount  reacted  for  each  species  divided  by  the  stoichiometric  coefficient. 
It  can  be  used  to  compute  the  molar  amounts  of  reactants  converted  to  products 
using  the  equilibrium  constant.  For  Reaction  (1)  with  initial  molar  amounts  of 
methane  rto,CH4and  oxygen  n0,o2>  the  amounts  of  carbon  dioxide,  nc q2,  and  wa¬ 
ter,  nH2 q,  formed  in  terms  of  a  is  given  by  the  following  equations: 

nco2  ~  a 

/ih2o  =  2a  (3) 

and  the  following  equations  give  the  moles  of  methane,  nc h4,  and  oxygen,  Mq2> 
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(4) 

(5) 


unreacted  at  equilibrium: 

"ch4  “  n0,CH4  “  a 
no2  “  "o,o2  ~  2a 

These  results  can  be  written  for  a  general  chemical  reaction  as: 

m  n 

2vA"2V'A  (6) 

i-\  «-1 

reactants  products 

where  A ,  and  Aj  are  the  chemical  symbols  for  the  products  and  reactants,  and  v, 
and  Vy  are  the  stoichiometric  coefficients  for  the  products  and  reactants.  The 
number  of  moles  of  the  products,  n b  and  the  reactants,  rtj,  present  at  equilibrium 
having  n(0and  nj0  present  initially  is  then  given  by  the  following  equations: 

ni  -  K,o  +  v,a  products  (7a) 

rtj  =  nj0  -  Vya  reactants  (7b) 

where,  a,  the  extent  of  reaction,  is  determined  from  the  equilibrium  constant. 

Combustion  Reactions 

Hydrocarbon  fuels  used  in  boilers,  furnaces,  and  heaters  can  be  represented 
by  the  chemical  formula  C„Hm ,  where  n  and  m  are  determined  by  chemical  analy¬ 
sis.  The  combustion  of  this  hydrocarbon  fuel  can  be  represented  by  the  following 
equation: 

CJfm  +  (n  +  ml 4)02  -*  nC02  +  (m/2)  H20  (8) 

To  ensure  complete  combustion,  excess  air  is  supplied  over  the  amount  theo¬ 
retically  required  by  Eq.  (8).  The  air-fuel  ratio,  AFR,  includes  the  excess  air;  the 
AFR  is  the  ratio  of  mass  of  air  to  the  mass  of  fuel.  Referring  to  Eq.  (8),  one  mole 
of  C„Hm  reacts  theoretically  with  {n  +  m/4)  moles  of  02.  The  mass  of  one  mole  of 
is  (12 n  +  m),  and  the  number  of  moles  of  air  containing  ( n  +  m/4)  moles  of 
oxygen  is  ( n  +  m/4)/(0.21),  since  air  is  composed  of  21%  (mole)  of  02  and  79% 
(mole)  of  N2.  The  mass  of  air  is  29[(n  +  m/4)(0.21)],  using  29  as  the  average  mo¬ 
lecular  weight  of  air.  Defining  X  as  the  fraction  of  excess  air,  the  corresponding 
mass  of  air  is  (1  +  X)  (29)  ( n  +  m/4)/(0.21).  Thus,  the  air-fuel  ratio  is  given  by  the 
following  equation: 

AFR_  (L+^)(29/0-21)(n  +  m/4)  _i:;„ ^  (1  +  X)(n  +  m/4)  (g) 

(12  n  +  m)  (12  n  +  m) 

For  the  combustion  of  methane  CH4  (n  a  1,  m  -  4)  with  20%  excess  air  (X  =  0.20), 
the  AFR  by  Eq.  (9)  is  138.1(1.2)(1  +  1)/(12  +  4)  =  20.7  kg  air/kg  fuel. 

Standard  Heat  of  Reaction 

To  evaluate  the  heat  released  (exothermic)  or  heat  absorbed  (endothermic)  by 
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chemical  reactions,  the  standard  heat  of  reaction,  A H°,  is  evaluated,  which  is  the 
enthalpy  change,  A//,  when  a  stoichiometric  mixture  of  reactants  in  their  standard 
states  react  isothermally  and  completely  to  form  products  in  their  standard  states. 
For  calculating  enthalpy  changes,  the  standard  states  are  pure  substances  at  a 
pressure  of  one  standard  atmosphere  (101,325  Pa).  Thus,  the  standard  heat  of 
reaction  can  be  evaluated  at  any  temperature.  Usually,  themochemical  data  are 
given  at  298  K;  and  the  superscript  °  designates  the  standard  reference  state  of  a 
pure  substance  at  one  standard  atmosphere  and  298  K.  |r 

The  standard  heat  of  reaction,'  /SH°;  is  evaluated  from  the  standard  heat  of 
formation,  Ai¥°^  of  the  reactants  and  products.  A  formation  reaction  is  a  reac¬ 
tion  where  a  single  compound  is  formed  from  its  constituent  elements.  For  ex¬ 
ample,  H2  +  V2O2  -*  H20  is  the  formation  reaction  for  water.  The  heat  of  for¬ 
mation  for  a  compound  is  the  standard  heat  of  reaction  for  the  formation  of  one 
mole  of  the  compound  from  its  elements  in  their  naturally  occurring  states,  and  it 
is  evaluated  by  experimentally  measuring  the  enthalpy  change  directly  in  a  calo¬ 
rimeter,  or  indirectly  from  chemical  reactions  that  contain  the  compound.  * 

To  compute  the  heat  of  reaction,  Atf°,  using  the  heat  of  formations  of  the 
reactants  and  products,  A H°f,  the  following  equation  is  used: 

ur-'2vlw,-ytv,urt  *  ,  1  (io) 

1-1  y-i 

,  products  reactants  -  -  ^ 

where  v*  and  Vy  are  the  stoichiometric  coefficients  in  the  general  chemical  reac¬ 
tion,  Eq.  (6).  For  the  chemical  reaction  4HCl(g)  +  02(g)  -*  2H20(g)  +  2Cl2(g)  v; 
=  4, 1  for;  =  1,  2  and  v,  =  2,  2  for  i  =  1,  2.  At  298  K  A H° f  HC1  =  -92,307  J/mole, 
AFT0/  c,2  =  0  (by  definition  the  heat  of  formation  of  an  element  is  zero),- A H°  f  H  0 
=  -241,818  J/mole,  Atf°/Cl2  =  0,  and  A H°  =  (2)  (-241,818)  -  4(-  92,307) 
=  -114,408  J,  which  is  the  heat  of  reaction  (negative  is  exothermic)  at  298  K. 

The  heat  of  reaction  for  a  combustion  reaction  is  called  the  heat  of  combus¬ 
tion.  Combustion  reactions  are  useful  in  computing  the  heat  of  formation  of 
compounds  because  they  essentially  go  to  completion  and  involve  other  species 
for  which  the  heat  of  formation  is  known.  ’ /  .  •  » 

To  evaluate  the  heat  reaction  at  a  temperature  other  than  the  reference  tem¬ 
perature  of  the  heat  of  formation,  298  K,  the  following  equation  is  used: 

«  m  n 

V jCpj(29S-T)  +  &H° f  v,Cpi(T -298)  i:  (11) 

;«1  /- 1 

reactants  .*a  products  <  „  , 

This  equation  uses  the  path  of  cooling  the  reactants  from  T  to  298  K,  having  the 
reaction  take  place  at  298  K  and  then  heating  the  products  to  T .  This  procedure  has 
the  same  beginning  and  ending  state  as  conducting  the  reaction  at  temperature  T. 


671  -  C 


Consequently,  the  result  is  the  same,  since  enthalpy  is  a  point  function.  Also, 
thermodynamic  data  are  available  for  the  heat  capacity  Cp. 

Adiabatic  Flame  Temperature 

The  adiabatic  flame  (or  reaction)  temperature  calculation  uses  the  concept 
applied  in  Hq.  (11)  to  determine  the  maximum  temperature  of  the  products  in  an 
adiabatic  combustion  reaction  whose  reactants  are  at  the  standard  conditions  of 
298  K  and  one  standard  atmosphere.  From  the  first  law  of  thermodynamics  with 
Q  =  0  for  an  adiabatic,  steady-state  flow  process  with  negligible  kinetic  and 
potential  energy  changes,  AH  =  0.  The  change  in  enthalpy  for  reactants  at  the 
reference  temperature  of  298  K  and  the  products  at  T  is: 

m  n 

v,Cw.(298-298)  +  Atf°  +  y  v,Cp,(f-298)  (12) 

y-i  /- i 

reactants  products 

The  above  equation  can  be  written  in  the  following  form  to  compute  the  adiabatic 
flame  temperature  with  AH  -  0: 

n 

T  =  298 v,Cp.  (13) 

l-\ 

products 

where  mean  heat  capacities,  Cph  of  the  products  are  used  over  the  temperature 
range  from  298  K  to  T. 

In  the  analysis  of  chemically-reacting  systems  with  the  first  law  of  thermody¬ 
namics,  the  change  in  enthalpy  includes  the  heat  of  reaction.  This  was  illustrated 
above  with  the  procedure  to  compute  the  adiabatic  flame  temperature. 

Chemically-Reacting  Steady-State  Flow  Process 

For  chemically-reacting  steady-state  flow  process,  the  first  law  of  thermody¬ 
namics  is: 

2 

Q-W,  =  AH+~fg^z  (14) 

In  this  equation,  AH  is  the  difference  between  the  enthalpy  of  the  products  (exit 
stream),  HP,  and  the  enthalpy  of  the  reactants  (inlet  stream),  HR.  The  equations  for 
HP  and  HR  are: 


n 


Hp  "  ni i(A//°/s  +Ht  -  H°)  products 

/-i 

(15) 

m 

Hr  m  ^  +Hj  -  Hj°)  reactants 

(16) 
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In  these  equations,  «f  and  rij  are  the  number  of  moles  of  species  i  and  j  in  the  exit 
and  entrance  streams.  A Hf  is  the  standard  heat  of  formation,  and  the  enthalpy 
differences  for  the  products  (//,  -  Hf)  and  for  the  reactants  (Hj -  H°)  give  the 
change  in  enthalpy  from  the  reference  temperature  to  the  exit  and  inlet  stream 
temperatures.  //,  and  Hj  are  the  enthalpies  at  the  exit  and  entrance  stream  condi¬ 
tions;  Hi°  and  H°  are  the  enthalpies  at  the  standard  reference  state,  pure  substances 
as  one  standard  atmosphere  and  298  K. 

Chemically-Reacting  Closed  Systems 

For  chemically-reacting,  closed  systems,  the  first  law  of  thermodynamics  is: 

Q-W=AU  (17) 

In  this  equation,  A U  is  the  difference  between  U2  and  £/,,  the  internal  energy  at  the 
final  and  initial  states  of  the  system.  The  enthalpy  of  formation,  A Hf,  is  retained, 
and  the  internal  energy  per  mole  for  species  i  is  C/,  =  A Hf°  +  //,  -  H°  -  PVt 
where  Vt  is  the  specific  volume  of  species  i.  Thus,  the  first  law  of  thermodynamics 
for  a  closed  system  can  be  written  as: 

G-H'-j  - Hj° -PVj)  (18) 

i-i  >-i 

The  terms  PV,  and  PV,  are  very  small  compared  to  the  other  terms  for  solids  and 
liquids  and  can  be  neglected.  They  can  be  replaced  by  RT  for  species  that  behave 
as  an  ideal  gas. 

Second  Law  Analysis  for  Reacting  Systems 

The  second  law  of  thermodynamics  analysis  for  reacting  systems  evaluates 
irreversibility  and  reversible  work.  Irreversibility  is  the  product  of  the  entropy 
generated  in  a  process,  Sge„,  and  the  absolute  temperature  of  the  surroundings,  T0, 
and  it  is  a  measure  of  losses  such  as  those  to  friction  and  heat  discharged  at  a 
temperature  above  the  surroundings.  Reversible  work,  Wre„  represents  the  maxi¬ 
mum  work  that  can  be  obtained  from  a  process. 

The  entropy  generated  during  a  process,  Sgeni  is  the  sum  of  the  entropy  change 
of  the  system,  D S,  and  of  the  surroundings,  DSwn  which  has  to  be  greater  than  or 
equal  to  zero.  For  a  reacting  system,  DS  is  given  by  the  following  equation: 

n  m 

AS-t  n,S,  -  2  niSi  (19) 

;-i  y-i 

where  5,  and  Sj  are  the  molar  entropies  of  products  and  reactants.  Also,  A Ssurr  is 
given  by  the  following  equation: 

(20) 

where  Qsurr  is  the  heat  transferred  from  the  system  to  the  surroundings  at  absolute 
temperature,  T0. 
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Absolute  entropy  values  for  S,  and  S,  are  based  on  the  third  law  of  thermody¬ 
namics,  which  states  that  the  entropy  of  all  perfect  crystalline  substances  is  zero 
at  absolute  zero  temperature.  Using  the  standard  reference  state  for  entropy  as 
zero  for  a  compound  as  a  perfect  crystal,  thermochemical  data  for  heat  capacity 
and  phase  change  are  used  to  compute  the  value  of  entropy  at  temperatures  above 
absolute  zero  temperature.  Values  of  absolute  entropy  are  tabulated  at  the  stan¬ 
dard  reference  temperature  of  298  K. 


To  evaluate  irreversibility  and  reversible  work,  equations  for  the  first  and 
second  laws  of  thermodynamics  are  combined.  The  first  law  for  a  chemically¬ 
reacting  steady  flow  system,  neglecting  kinetic  and  potential  energy  changes  for 
convenience,  is  obtained  by  combining  Eqs.  (14),  (15),  and  (16): 


'■->  J-i 


The  second  law  for  this  flow  system  is: 

Qs 


total  ~  Sget i  ~  AS  + 


Zsurr 


(21) 


(22) 


This  equation  can  be  written  as  the  following: 


SS'n=*S- ^ 
-*o 


(23) 


where  Qsurr - Q  (negative  of  the  heat  transfer  rate  with  respect  to  the  surround¬ 

ings).  Substituting  Eq.  (19)  for  AS  in  Eq.  (23),  solving  Eq.  (23)  for  Q  and  substi¬ 
tuting  into  the  fir§t  law  of  thermodynamics,  Eq.  (21)  gives: 


W, 


-y  n,[Aff/+ 7^,] 

J-I 


+  1  T0St]-T0Sem 


(24) 


This  equation  can  be  written  in  terms  of  the  Gibbs  free  energy  function  (G  =  H 
~  75)  when  the  reactants  rtj  and  products  nt  are  at  the  temperature  of  the  surround¬ 
ings,  ro.  Using  Si  =  AS/  +  (S,  -  Sj°)  for  products  and  S,  =  AS/  +  (S,  -  S;  °)  for  re¬ 
actants,  Eq.  (24)  can  be  written  as  the  following  in  terms  of  the  reversible  work, 
Wrev)  where  Sgen  —  0: 


Eq.  (25)  reduces  to  the  following  equation  for  the  special  case  of  the  temperature 
of  the  reactants  and  products  being  at  the  standard  reference  temperature  of  298 
K  (25°C),  i.e.,  G,  =  G°  and  G;  =  G°: 

«,AG/  +  y  „,AG/  (26) 

M  /- 1 
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where  values  of  the  Gibbs  free  energy  of  formation,  A G/\  are  tabulated,  and  this 
equation  is  used  to  compute  the  reversible  work  associated  with  forming  com¬ 
pounds  from  stable  elements  at  25°C  and  one  standard  atmosphere  in  an  environ¬ 
ment  at  the  same  conditions. 

Equilibrium  Constants 

Generally,  chemical  reactions  do  not  go  to  completion,  i.e.,  all  of  the  reac¬ 
tants  are  not  completely  converted  to  products.  Usually  an  equilibrium  is  estab¬ 
lished  between  the  reactants  and  products,  and  the  equilibrium  constant  K  is  used 
to  determine  the  extent  of  the  reaction  a  and  the  equilibrium  composition.  The 
equilibrium  constant  for  a  reaction  is  computed  using  the  following  equation 
from  the  standard  free  energy  change,  AG°,  for  the  reaction: 


AG°  =  -RT  In  K 


(27) 


The  standard  free  energy  change  for  the  reaction  is  computed  from  the  free 
energy  of  formation,  A G°f  ,  of  the  species  taking  part  in  the  reaction.  Analogous 
to  Eq.  (10)  for  the  heat  of  a  reaction,  A H°,  the  equation  used  to  compute  AG°  is: 

n  m 

AG°=2  V.-ACV2  v;AG°3  (28) 

«-l  i 

Values  for  AG^are  tabulated  at  a  reference  temperature,  usually  298  K. 

The  value  of  K  at  other  temperatures  can  be  computed  using  the  following 
relation: 

d\nK  A H° 


dT  RT‘ 


(29) 


This  equation  can  be  used  to  estimate  values  for  K  at  temperatures  other  than 
298  K  by  assuming  A H°  is  constant  and  integrating  from  T3  -  298  K  to  T  to  ob¬ 
tain: 


In  ( KIJC )  =  -  (A//7/?)(l/r-  1  IT  °) 


(30) 


This  implies  that  a  plot  of  In  K  vs.  1  IT  is  a  straight  line,  and  this  concept  is  used 
to  extrapolate  and  interpolate  for  values  of  K  over  a  range  of  temperatures. 

In  general  the  equilibrium  constant  is  defined  in  terms  of  the  activity  of  the 
species  a,  as  follows: 

x=fl  a-vi/fl  aiyi  (31) 

j- i 

where  i  refers  to  products  of  the  general  chemical  reaction,  Eq.  (6),  and  j  refers  to 
the  reactants.  For  example,  the  chemical  reaction: 

aA  +  bB  ->  cC  +  dD  (32) 


Eq.  (31)  becomes: 
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K 


■«.v 


^  4'.  V*  '*  '  .■ 

.  .•  Vfc.,*rtfW\.  -1 

'  “•  >/  fe-  *■:  f  * 


j  r*  ** 


(33) 


If  the  products  and  reactants  are  gases  and  the  equilibrium  mixture  behaves 
as  an  ideal  gas,  Eq.  (33)  is: 


_  yc  yd  pc+d-a-b 


(34) 


,  t 


where  the  j’s  are  mole  fractions,  and  P  is  the  pressure  in  the  atmosphere,  r 

If  the  products  and  reactants  are  liquids  and  the  equilibrium  mixture  behaves 
as  an  ideal  solution,  Eq.  (33)  is:  “* 


K  =  X£  Xd 

*.V 


(35) 


where  the  x’s  are  mole  fractions  of  the  products  and  reactants. 


If  the  reaction  conditions'  do  not  meet  the  conditions  of  an  ideal  gas  mixture 
or  ideal  solution,  then  the  activities  given  in  Eq.  (33)  must  be  evaluated  by  other 
means.  For  example,  with  liquids  a,  =  Y<  where  is  the  activity  coefficient, 
Xi  is  the  mole  fraction,  f,  is  the  fugacity  of  the  pure  liquid  at  the  temperature  and 
pressure  of  the  equilibrium  mixture  and  f°  is  the  fugacity  of  the  pure  liquid  at  the 
temperature  of  the  system  and  one  bar  or  one  standard  atmosphere.  -  ■' 


Eq.;(7)  is  used  to  convert  the  unknown  mole  fractions  in  Eqs.  (34)  or  (35)  to 
a  function  of  the  extent  of  the  reaction  a.  This  gives  one  equation  in  one  unknown. 

For  example,  using  Eq.  (7)  for  the  chemical  reaction  given  by  Eq.  (32)  gives: 

*• 

nA-nAo-aa  ^  ‘  *  (36a) 

'<nB-nB0~ba  *•  V-A  ^ ‘  '  *  (36b) 

..  i .  •.  <?  -ri  v*  \  ■  i h.  r* ,  i  -i  ■*  t:  .  ... 

nc  =  nCo  +  ca  '  (36c) 

nD  =  nDo+da  ,(36d) 

Also,  the  number  of  moles  present  at  any  point  during  the  reaction,  n,  is  obtained 
by  summing  the  equations  given  above,  i.e.,  ,  :  * 

i;  ..  i  .  i  .  *>  J  .  I*  ::  , 

..  J*  =.  nA  +  +  nc  +  nD  =  nAo  +  nBo  +  nCo  +  nDo  +  (c  +  d-a-  b)a  (37) 

or 


n  -  na  +  (c  +  d  -  a  -  b)a  ‘  i*  i  » 

Then  the  mole  fractions  are  given  by  the  following  equations: 

. 1';,. 

■  yB  -  ("Bo  -  ba)/n 

-  P-  +• 

yc  =  (nCo  ~  ca)/n 
yo  =  (nDo  -  da)/n 


(38) 


(39a) 

(39b) 

(39c) 

(39d) 
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The  above  equations  written  for  the  mole  fraction  of  a  species  in  an  ideal  gas  y  are 
the  same  for  the  mole  fraction  of  a  liquid  species  in  an  ideal  solution  x. 


The  equation  for  the  equilibrium  constant,  Eq.  (34),  becomes  an  equation  in 
one  independent  variable,  a,  when  Eq:  (39)  is  used  to  eliminate  the  concentra¬ 
tions  in  this  equation.  This  gives:  ‘  ' 


K  = 


(nCn  +ca)c(nD  +da)d  A^n_A 

("a,  ~  -  ba) 


(40) 


This  is  a  nonlinear  algebraic  equation  which  may  require  an  interactive  solution. 


A  simple  example  is  the  water  gas  shift  reaction,  which  is: 
CO(g)  +  H20  -*  C02(g)  +  H2(g) 


(41) 


For  1.0  mole  of  C02  reacting  with  1.0  mole  of  H20  with  no  C02or  H2  present 
initially,  the  following  are  the  values  for  Eqs.  (38)  and  (39):  j: 


n  =  2  + (1  +  1-1-  l)a  =  2 
Tco2  =  a 

y»2 

Tco  = 1  ~  a 
Th2o  =  1  ~  a 


(42a) 

(42b) 

(42c) 

(42d) 


The  equilibrium  constant  for  this  reaction  is  Eq.  (34),  and  it  has  the  form: 

K  = - — - 2(i+i-t-i)  =  (43) 


(1  -  a)(l  -  a) 


(1  -ay 


which  is  a  nonlinear  algebraic  equation  in  a.  However,  a  can  be  determined  ei¬ 
ther  analytically  or  numerically  with  a  known  value  of  K  predicted  by  Eq.  (28). 
Then  the  composition  (mole  fraction)  of  the  reacting  mixture  at  equilibrium  is 
computed  using  Eq.  (42).  This  provides  the  composition  to  be  used  in  the  first 
law  of  thermodynamics,  Eq.  (18),  to  compute  the  chemical  energy  released  or 
absorbed. 


The  equation  for  the  mole  fractions  to  be  used  with  the  equilibrium  constant 
equation  for  n  products  produced  from  m  reactants  is: 

y,  _  ni  _  nio  +  v»q 
1  n  tin  +  va 


(44) 


n  m  n  m 

where  ^  ni0  +  ^  njo  and  v  =  ^  V/  -  ^  v;- 

i-i  >-i  j-i  j- i 

In  summary,  the  stoichiometry  of  a  chemical  reaction  was  presented  in  terms 
of  the  extent  of  the  reaction,  and  this  was  used  to  predict  the  equilibrium  compo¬ 
sitions  at  chemical  equilibrium  with  the  equilibrium  constant.  The  equilibrium 
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constant  was  obtained  from  the  standard  tfree  energy  change  for  the  reaction. 
With  the  equilibrium  compositions  the  chemical  energy  released  or  absorbed 
could  be  computed  as  part  of  the  first  law  of  thermodynamics  analysis  for  a 
steady-state  flow  process  and  a  closed  system.  Also,  a  second  law  analysis  was 
described  to  predict  irreversibility  and  reversibility  work  with  chemical  reaction 
with  absolute  entropies  based  on  the  third  law  of  thermodynamics. 

1  1 1 

*  \ 

*  <  .  .  i."  * 


■  [  -  ^  j)  ^  r  e 


h,  r 


r 
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Step-by-Step  Solutions  to 
Problems  in  this  Chapter, 
“Chemical  Reactions  and  Equilibrium” 


THEORETICAL  AIR,  EXCESS  AIR,  AND  AIR  - 
FUEL  RATIO 


•  PROBLEM  11-1 


A  coal  sample  has  the  following 

composition : 

0.14  moles  H2/mole  fuel 

ili 

l 

0.27  moles  CO/mole  fuel 

0.03  moles  CH4/mole  fuel 

’ 

i’  - 

0.006  moles  02/mole  fuel 

i 

0.509  moles  N2/mole  fuel 

i 

0.045  moles  C02/mole  fuel 

Determine  the  air-fuel  ratio  if 

producer  gas 

from 

1  this  sample  is  burned  with  50  percent  excess 

air . 

Solution:  The  combustion  equation  for  one  mole ^of^ fuel Jias 

to  be  "determined,  then  from  the  stoichiometry  of  this  equa 
tion  the  air-fuel  ratio  can  be  calculated. 


For  one  mole  of  fuel  the  combustion  equation  for  the  coraoust 
ible  substances  is  *  *'r 


(0.14)H2  +  (0.07)02  - 1  (0.14)H20 

li. 

(0.27)C0  +  (0.135)02  — x  (0.27)C02 
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(0.03)CH4  +  (0.06)02 


^  (0.03)C02  +  (0.06)H20 


0.265  moles  02  required/mole  fuel 

-  0.006  moles  02  in  fuel/mole  fuel 

0.259  moles  02  required  from  air/mole  fuel 


The  overall  combustion  equation  for  one  mole  of  fuel  is 
fuel ++  air  — (A)H20  +  (B)C02  +  (D)N2  r 


0.14H2  +  0.27C0  +  0.03CH4  +  0.00602  +  0 . 509N2  +  0.045C02 

+  0.259  (02  +  3.76N2)  - V  0.2H20  +  0 . 345C02  +  1.482N, 


( 


moles 

air  \ 

mole 

fuel  j 

=(0.259  moles  0 
theoret ical 


2 


+  0.259(3.76)  moles  N2)/molefuel 


,  moles  air  _  volume  air 

mole  fuel  volume  fuel 


t 


For  50%  excess  air, 


moles  air 
mole  fuel 


1.233  x  1.5 


oc  moles  air 
A'aD  mole  fuel 


On  a  mass  basis  the  air-fuel  ratio’  is 


AFR 


T  i 

1 . 85 


mol  wt  air  \ 
mo]  wt  fuel/ 


AFR=1 . 85 


[or 


(28  96) 


+0.045(44) 


)_ 


1.85(28.96) 
24.74  J 


-  j  . ;  *  * 

2.17  lbm  air/lbm  fuel 
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•  PROBLEM  11-2 


Propane  burns  in  dry  125  percent  theoretical  air 
(21%  02,  79%  N2)  and  the  reaction  is  given  by: 

C3H8  +  502  +  18*8N2  3C°2  +  4H2°  +  18*8N2 

Calculate  the  dew  point  and  the  mole  fractions  of 
the  combustion  products  when  the  air  is  at  1  atm 
pressure . 


Solution:  By  using  information  obtained  from  the  chemical 

equation  stoichiometry,  the  mole  fractions  of  the  products 
can  be  obtained.  The  dew  point  is  calculated  by  using  the 
partial  pressure  of  the  H20  vapor  in  the  product  gas  in  con¬ 
junction  with  steam  tables. 

The  chemical  equation  for  the  reaction  of  propane  with  125 
percent  theoretical  air  is  : 

C3Hg  +  6.2502  +  23.5N2  — ^  3C02  +  4H20  +  1.2502  +  23.5N2 

This  chemical  equation  was  obtained  by  multiplying  the  oxygen 
and  nitrogen  on  the  reactant  side  by  1.25  and  then  balancing 
the  equation  by  adding  the  appropriate  amount  of  02  and  N2  to 
the  product  side. 

The  total  number  of  moles  of  product  gas  =  NTQT  =  3  +  4  + 

1.25  +  23.5  =  31.75.  The  mole  fractions  of  the  products  are: 


Xco2 

XH2° 


N 


CO, 


TOT 


H2° 


TOT 


■  °-094 

31775  “  °'126 


0„  1.25 

“  3T  775 

"tot 


0.04 


W 

TOT 


23.5 

31.75 


0.74 


The  partial  pressure  of  H20  vapor  in  the  product  gas  is  : 
ph2o  *  xh2o  PT0TAL 

=  (0.126)  (1.5  atm) 

=  0.189  atm 
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From  the  steam  tables,  the  saturation  temperature  correspond¬ 
ing  to  this  pressure  is  approximately  138° F.  If  the  product 
gas  mixture  is  cooled  to  138° F  at  constant  pressure,  the  dew 
point  is  reached.  If  the  mixture  is  further  cooled,  the 
water  will  condense  out  of  the  gas. 

-•*  ^  •  ?-i 


•  PROBLEM  11-3 


The  air  used  for  the  combustion  of  a  hydrocarbon 
was  supplied  at  25°C  and  100  kPa  with  a  relative 
humidity  of  48%..  Determine  (a)  the  carbon/hydrogen 
ratio  of  the* fuel  on  a  mass  basis  and  (b)  the  per¬ 
cent  theoretical  air  employed  in  the  combustion 
process,  if  an  analysis  of  the  products  of  combustion 
yields  the  following  volumetric  composition  on  a  dry 
basis : 

C02— 13.0%;  02— 3.1%;  CO— 0.3%-  N2  —  83.6%  ‘  1 


Solution :  ...  The  chemical  reaction  written  on  dry  basis  is 
CaHb  +  a02 +  ~ — -  13C02  +  0.3CO  +  3.102  +  83.6N2  +  yH20 

(a)  A  balance  for  each  of  the  elements  involved  will  enable  us 
to  solve" for  the  unknown  coefficients.  V. 

*3*  :  -t- 

C  balance:  a  =  13  +  0.3  =  13.3 

i  ** 

N  balance:  28  =  2(83.6)=^  8  =  83.6 
Also  the  nitrogen  to  oxygen  ratio  is 

!  -  3-76  -  a  =  §2*§  t  22.23 

t. 

0  balance:  2a  =  26  +  0.3  +  6.2  +  y 

or  .  jf 

2(22.23)  =  26  +  0.3  +  6.2  +  y 

y  =  11.96 
b  =  2y  =  2(11.96) 

b  «  23.92 

Thus  the  hydrocarbon  is  C13  3H23  g2 ,  and  the  carbon/hydrogen 
ratio  on  a  mass  basis  is 


which  gives 


H  balance : 

1  f  or  •*' 
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mc  NC(MWC)  .  '  1 

^  =  nh2<mwh> 

■  ‘  ■  '  '  !lR 

13.3  (12) 

■  23.92  (1)  .  * 

=  6.67 


(b)  The  percent  theoretical  air  is  the  same  as  the  percent 
of  theoretical  oxygen.  The  chemical  equation  written  with 
the  values  obtained  is 


C13  3H23  92  +  22.2302  +  83.6Ng  13CC>2  +  0 . 3C0  +  3 . 102 

+83.6N2  +  11.96H20 

and  the  equation  for  the  combustion  in  oxygen  only  is 


C13.3H23.92  +  19-2802 


a  13.3C02  +  11.96H20 


Thus 


%T.  A. 


N°2 

act . 

V 

theor 

x  100 


22.23  „ 
19.28 

=  115.3% 


100 


i: 

i. 


•  PROBLEM  11-4 


Propane  is  burned  in  100%  excess  air.  Combustion 
is  complete  and  takes  place  at  100  kPa.  Determine 
(a)  the  dew-point  temperature  of  the  products  of 
combustion  and  (b)  the  moles  of  H20  condensed  per 
mole  of  fuel  burned,  if  the  products  of  combustion 
are  cooled  to  25°C. 


Solution :  The  chemical  reaction, 

C3Hg  +  502  - — ^  3C02  +  4H20  1  J  , 

gives  the  amount  of  oxygen  needed  for  the  complete  combustion 
of  propane.  But  the  oxygen  in  this  case  is  supplied  as  air, 
and  the  reaction  can  be  written  * 
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C3H8  +  5^2^°2  +  5(2K3- 76)N2^=^3C02  +  4H2Q  +  502  +  37 


6Nr 


(a)  The  mole  fraction  for  the  water  vapor  is 


yH  0  =  — i  =  — i 

2  nT  PT 


(1) 


or 


y  n  i 

H2°  -n-i 

>.  t  .  T 


l  *. 


3+4+5+37.6 


But 


=  0.0806 
p 

y  =  h2° 

V  -e- 


>H2°  yR20  Pt 


or 


PH  O  =  °*0806  x  100 
2 

=  8.06  kPa  . 


From  steam  tables  the  corresponding  temperature  is 


Tp  p  =  41. 53°C. 


(b)  'At'  T  =  25°C,  the  vapor  pressure  of  water  obtained  from 


the  steam  tables  is 

IV  =3.169  kPa 

/  * 

'  * 

-fc  + 

H 

'  1 

From  Eq  .  ;( 1 ) 

r 

V = 

3.169 

100 

=  0.03169  . 

But 

V 

"ho  + 

n 

P 

- 

or 

0.03169  = 

"h20 

. 

"h20  + 

45.6  i 

6?6 


Hydrogen  is  burned  with  air  at  atmospheric  pressure 
in  an  adiabatic  burner  to  produce,,  a  flame  of  2000K. 
Determine  the  percent  theoretical,  air  required, assum¬ 
ing  complete  combustion, when  the  hydrogen  and  the  air 
are  supplied  at  25°C.'  *  ’!» 


Solution:  The  first  step  in  solving  this  problem  is  to  write 

the  necessary  chemical  equations  that  apply  to  this  reaction. 


The  chemical  reaction  for  hydrogen  burned  in  oxygen  only, 

H2  +  h  °2  - — *  H20  .  ^ 

gives  the  amount  of  oxygen  needed  for  the  complete  combustion 
of  one  mole  of  H2 ,  which  is  i.  But  the  oxygen  for  the  com¬ 
bustion  of  hydrogen  is  supplied  as  air,  and  the  reaction  can 
be  written 


h2  +  §  y02  +  £(3.76)yN2  — ^  H26  +  a02  +  8N2 

'  .  i- 


A  balance  for  each  of  the  elements  involved  will  enable  us  to 
solve  for  the  unknown  coefficients. 

Oxygen  balance:  §y  =  1  +  2a  ~>  a  =  ^ 

Nitrogen  balance:  8  =  1.88y  *  * 

i, 

Substituting  these  values  for  the  a  and  8,  we  obtain 
H2  +  0.5y02  +  1.88yN2  - — ^  H20  +  (^)02  +  1 . 88yN2 
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Applying  the  first  law  to  this  process,  ,  w 

o  o 

<t  -  f  -  Z  n.h  -  Z  n.h 
R  1  p  1 

or 

HR  "  *  i  CD 

where  the  subscripts  R  and  P  refer  to  the  reactants  and  pro¬ 
ducts  Respectively  ,  and  the  summations  refer  respectively  to 
all  the  reactants  or  all  the  products.  Then 

Hp  =  iEh2o  +  °-5yEo2  +  |  (2) 

2'T=2000K 

■i-  vi  •  -e  • v  - 

Using  the  table  for  enthalpies  of  formation  of  ideal  gases 
at  T=2000K,  *•  ■.  *  -  ' 

q  ~  I  +  k|  =-241,827  +  72,689  =  -169,138  kJ/kmol 

°2U  1 '298K  .  I2000K 


hOrt  =  hf  I  +  h|  *  0  +  59,199  =  +59,199  kJ/kmol 
2  ■  I298K  f  '2000K  •  '  . 

*  '  '»  ii'  . 

=  I  +  hi  =  0  +  56,141  =  +56,141  kJ/mol 
2  1  '298K  '200QK 


At  T=298K: 

\  =  °’  E°2  =  °’  and  \  ‘  ° 

n  .  v, 

and  thus  ’  HR  0. 


From  Equations  (1)  and  (2)t 

Hp  =  0  =  1(-169, 138)  +  (+59,199)  +  1 . 88y  ( 56 , 141 ) . 


Solving  for  y  gives 

169,138 
y  90 , 744 


=  1.86. 


Thus 


%  T . A .  =  1.86  x  100  186%. 
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iH 


9  problem  11-6 


Octane  burns  in  theoretical  air  (21%  02,  79%  N2) 
by  the  following  combustion  equation. 

CgH18  +  12.502  +  12.5(3.76)N2  =  8C02  +  9H20  +  47N2 
What  is  the  theoretical  air-fuel  ratio? 


Solution:  Using  information  obtained Jrom^reaction  stoichio- 

metry the  air-fuel  ratio  can  be  determined. 

On  a  molar  basis, the  air-fuel  ratio  is: 

* ; 

moles  02  +  moles  N2  12.5  +  47 
^air-fuel  “  moles  CgH^g  1  i 


mole  air 


Dy’D  mole  fuel 


V  v  r  a 


The  air-fuel  ratio  on  a  mass  basis  is  obtained  by  incorporat 
ing  the  mol  wt  of  the  fuel  and  the  air .  I- 

mol  wt  air  =  0.21(mol  wt  02)  +  0.79(mol  wt  N2)  =  28.96  g/m 

*  ty  , 

mol  wt  C  H  =  114  g/mol  #  - 

o  lo 

_  _  j- q  c  mol  air  28.96g  air/mol  air 

Kair-fuel  oy  *  mol  .fuel  114g  fuel/mol  fuel 

=  15. lg  air/g  fuel  t 


i' 

•  PROBLEM  11-7 

Theoretical  air  is  composed  of  21%  02  and  79%  Ng. 

Octane  (C0Hi0)  burns  in  air  as  described  by  the 

O  ID  ,  Si  ’  i 

following  reaction: 

CgH18  +  12.502  +  (3.76)(12. 5)N2  — > 

8C02  +  9H20  +  (3.76)(12.5)N2  .  ^ 

If  octane  is  burned  with  200%  theoretical  air,  cal¬ 
culate  the  air/fuel  ratio  and  the  mole  fractions  of 
the  combustion  products.  Also  calculate  the  partial 
pressure  of  the  products  for  a  total  pressure  of 
1  atm .  !| 
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Solution:  Once  the  chemical  equation  is  written  for  the  con¬ 

ditions  of  the  problem  (burning  octane  with  200%  theoretical 
air),  the  solution  can  be  obtained  from  its  stoichiometry. 

i*  Ti- 

For  200%  theoretical  air  the.  chemical  reaction  is  : 

C8H18  +  (2.0)(12.5)O2  +  ( 2 . 0) ( 3 .76 ) ( 12 . 5 )N2  = 

8C02  +  9H20  +  (12.5)02  +  (2  )  ( 3 . 76) ( 12 . 5 )N2  • 


The  mass  of  CgH18  -  8(12  lb^/mole)  +  18(1  lbm/mole)  = 
114  lbm/mole  fuel. 

*  :  ' 


The  mol  wt  of  air: 

-  0.21  x  mol-wt  02  +  0.79  x  mol  wt  N2  “  28.96. 

.  ..  '  -  :  ]: 

=  ill> 

The  mass  of  air  =  ( 2 ) ( 12 . 5) ( 1+3 . 76 ) ( 28 . 96 )  = 


3446  lb  /mol  fuel.  K  1  A 

h*  '  *>t 


The  air/fuel  ratio  is 


R  =  mass  air  _  3446 
af  mass  fuel  114 


30.2  lb^  air/lbm  fuel. 


The  total  number  of  moles  of  products  is 

Nt  -  moles  C02  +  moles  H20  +  moles  02  +  moles  Ng 


=  8  +  9  +  (12.5)  +  (  2  )  (  3  .76  )  ( 12 . 5  )  =  123.5  - 

mole  fuel 


The  mole  fractions  of  each  individual  species  can  now  be 
calculated: 


X 


H2° 


8 

123.5 


9 

123.5 


12.5' _ 
123.5 

94 

TZ575.“ 


0.065 

0.073 

\  - 

0.1 

0.762 


6.5% 

7.3% 

10.0% 

1 

76.2% 


.1: 
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i.  <; 

The  partial  pressures  canbe  calculated  by  using  the  equa¬ 
tion  P.  =  X.  Prp^rrrtT  •  (With  the  partial  pressure  of  Ho0  dew 
1  1  lUIALi  6 

point  calculations  can  be  made,  i.e.,  the  corresponding 
saturation  temperature  is  the  dew-point). 

i 

PH20  =  XH20  ptotal 

I 

=  (0 . 073 )  ( 1  atm) 

=  0.073  atm 

P~~  =  0.065  atm  !' 

C02 

P  *  0.1  atm  j, 

u2 

P.T  =  0.762  atm 


Ethane  reacts  with  a  stoichiometric  amount  of  air  by 
the  following  combustion  equation: 


C2H6  +  3.502  +  3.5(3. 76 )N2 

+  3.5(3. 76)N„  . 


2C02  +  3H20 


Using  the  following  enthalpy  data,  calculate  the  amount 
of  heat  transfer  per  mole  of  fuel  if  ethane  enters  at 
60°C,  the  air  enters  at  4.4°C  and  the  products  leave 
at  449°C.  ' 


Solution  The  amount  of  heat  transferred  is  obtained  through 
the  use  of  a  heat  balance.  With  kinetic  energy  neglected, 
the  energy  (or  heat)  balance  is 


Qout  =  enthalpy  in  -  enthalpy  out  =  -Q 


£  moles  (h^-h^ )  ^reaction 

reactants 


£  moles  (h2-hQ) 
products 
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where  h„  =  enthalpy  @  25°C.  h1 ,  hp  are  the  initial  and  final 

enthalpies, respectively. 

-  -I  d  i  '  s  ■ 

Qout  -  C moles )c ^  (h-h,,)^  +  (moles ^  (yh^ 

+  (moles>N2  (hl-ho)N2  *  ^reaction  ‘  <moles>C02 

X  (h2-h0)CO2  ■  (moles)  (h2~h0)H  O  '  <m°les)N 

z  2  2 

x  (h2-hQ)N^ 


DAI 

CA  (Kcal/r 

noil _ 

h25c  c 

h4 . 4°  c 

h449°  c 

h60°  c 

C2H6 

1295 

- 

- 

1507 

1 

02 

939 

873. 

n2 

940  ~ 

875 

2307 

— 

oo2+ 

1016 

•  - 

3059 

- 

h2o 

1073 

- 

2700 

* 

Ah  reaction  *  -154,695  Kcal/mol  of 

CZHs 

“  ’  :  V 

‘  t 

,•%  r  * 

After  substitution  of  the  enthalpy  values  from  the  data  and 
stoichiometric  information  from  the  chemical  reaction,  the 
heat  balance  becomes 

Qout  =  1(1507-1295)  +  3.5(873-939)  +  13.1(875-940) 

-  (-154,695)  -  2(3059-1016)  -  3(2700-1073)  - 
13.1(2307-940) 

=  126,950  kcal/mole  .  ** 
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ANALYSIS  OF  THE  PRODUCTS  OF  COMBUSTION 

•  PROBLEM  11-9 


In  order  to  determine  the  effects  of  various  fuels 
on  the  environment,  combustion  products  are  often 
analyzed.  A  certain  fuel  that  was  burned  in,air  was 
analyzed  with  the  following  results: 

Determine  the  chemical  equation  and  the  air-fuel 
ratio  based  on  these  results. 


SPECIES 

MOLE: 

FRACTION  =  Xi 

CO? 

0.12 

0? 

0.02 

CO 

0.03- 

N  2 

V*- 

0.83 

TOTAL 

1.00 

Solution-  In  this  problem  the  fuel  used  is  unknown.  There- 

- the  data  given  in  the  problem  must  be  used  to  determine 

the  ihemical  formula  of  the  fuel.  The  fuel  will  be  assumed 
to  be  a  hydrocarbon  of '  the  form  * 


C  H. 
a  b 


It  will  also  be  assumed  that  the  air  used  is  theoretical  (79% 

N  ,  21%  0„).  The  chemical  equation, then ,  will  be  of  the  form 

C  H.+  A(0?+3.76N2)  — ±  B(C02)  +  C<H20)  +  D(CO)  +  E(02) 

a  b  z  z  v  '  *, 

4  f(n2).  •  «* 

From  this  reaction  and  the  data  given,  the  formula  of  the  fuel 
ca^ be  calculated  and  the  air-fuel  ratio  obtained. 


::s:  «  si 

moles  of  dry  mixture.  Therefore 

B  =  12,  D  =  3,  E  =  2,  F  =  83- 
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•  ■*■*!  _  f  '  '•  \  *  +  f  »  *  f 

By  the  conservation^  of  N  atoms ,  «  *  >  ■ 

A'“  rw’raa:o7- . 

By  the  conservation  -  of  0  atoms, 

C  -  2A  -  2B  -  D  -  2E 
C  =2(22.07)  -  2(12)  -  3  -  2(2) 

=  13.14. 


By  the  conservation' of  C  atoms,  - 

A  ■ 

a  =  B  +  D  —  12  +  3  ~  15. 


By  the  conservation  of  H  atoms, 

b  =  2C  =2  x  13.14  =26.28. 

»  I 

.  .  the  fuel  is  an  equivalent  hydrocarbon 

C15H26.28 


The  chemical  reaction  is 

•  •*  -  S  f-  -  /■*  ■  :  * 

C23H5  8  +  22.07(02+3.76N2)  - - ^  12  C02  +  13.14H20  +  3CO 

+  202  +83N2 

•  -  1  «'  At  i*r  '  •  .  t  .  f. 

'  if,--  , 

Since  the  fuel's  molecular  configuration  is  not  known,  the 
air-fuel  ratio  on  a  molal  basis  would  be  meaningless.  There¬ 
fore  the  air-fuel  ratio  is  calculated  on~a  mass  basis.  The 
molal  mass  of  the  effective  fuel  is 


M  =  12  x  (15)  +  (26.28)  x  1  =206.8  g/gmol 


air-fuel  ratio  =  AFR 


(moles  air)  (mol  wt  air) 
(moles  fuel)  (molwt.  fuel) 


(4. 76) (22. 07)  (28. 97) 
(1)(206 .8) 


14.72g  air/g  fuel 

14.72  1b  air/lb  fuel 
ni  m 
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ENTHALPY  OF  FORMATION 


•  PROBLEM  11-10 


Heats  of  reaction  can  be  calculated  from  the  heats 
of  formation  of  the  reactant  and  product  species. 
Using  the  following  heats  of  formation,  calculate 
the  heat  of  reaction  for  the  combustion  of  methane 


Heats  of  formation  (@  291  K  and  14.7  psia) 


c  + 

2H2  - 

- *  CHj(g) 

AHf 

=  18, 

,240 

cal/g 

mol 

c  + 

°2  - 

“ ^  CO2 ( g ) 

AHf 

=  94, 

,450 

cal/g 

mol 

2H2 

+  °2‘ 

- ^  2H20(1) 

AHf 

=  68, 

,370 

cal/g 

mol 

Solution:  The  heat  of  reaction  is  determined  by  subtracting 

the  sum  of  the  heats  of  formation  of  the  reactants  from  the 
sum  of  the  heats  of  formation  of  products.  The  chemical  re¬ 
action  is 


CH4  +  202  - *  C02  +  2H20 


AH  (AH-)  .-  ( AH,)  o  . 

reaction  f  prod  f 'react 


=  (94,450  +  68,370)  -  (18,240  +  0) 


(The  AH  ,  of  elements,  i  .e.  oxygen,  -  0) 


AH  . .  =  144,580  cal/g  mol  CHA 

reaction  4 


(This  value  is  the  heat  of  reaction  @  316  K  and  14.696  psia) 


•  PROBLEM  11-11 


Using  the  bond  energy  table  below,  determine  the 
enthalpy  of  ethane  at  STP.  Assume  that  the  enthalpy 
of  solid  carbon  and  H2  gas  is  zero  under  these  con¬ 
ditions. 
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BOND 'ENERGIES 

IN  KCAL/G'  MOLE 

V 

WBond,  1 

Energy 

Bond 

Energy 

H-H 

104.2 

H-I 

71.4 

C-C 

..  ■  83.1  •■  ’ 

C-N :  - 

■  69.7 ■ 

Cl-Cl  i  ■ 

58  :o; 

'  C-0 

84.0  ' 

Br-Br '  >•.. 

■46.1 

■ 

C-Cl  * 

-  •  78. 5>  . 

I-I  1  .*  *. 

.V  -  36.1  -  .  v 

ii 

C-Br  1  , 

65.9 

C-H 

98.8 

C-I 

57.4 

n-h  ^ 

”  .  t ■  93.4k  . 

0-0  . 

33.2 

0-H 

110.6 

nen 

226 

H-Cl 

>'  103  ;  2 !  + 

f  c=c 

147 

H-Br 

87.5 

c=c 

194 

in  formaldehyde 

C=0  164 

Vaporization  of 

171 

in  other  aldehydes 

carbon  atoms  = 

.  174- 

in  ketones. 

171.7  kcal 

^Resonance  energy  in: 

kcal/g  mole 

mo/c  atom 

Benzene  ring 

= 

37 

Naphthalene 

■  = 

75 

.  t 

Carboxylic  acids 

28  .  *  f 

.  >  •  .i 

.iZF*  S-  ' 

Esters  v  ^ 

24  ‘  j 

‘  i 

*  ,,  ,v 

ro  .1  '= 

Solution:  Due  to  the  fact  that  the  formation  of  C2Hg  from  H2 

(gas)  and  carbon  (solid)  takes  place  at  constant  pressure, 
the  amount  of  heat  added  would  be  equal  to  the  enthalpy  in¬ 
crease.  Therefore,  from  the  stoichiometry  of  the  formation 
reaction  and  the  bond  energy  .  table ,  the,  enthalpy  of  forma¬ 
tion  may  be  calculated. 

>  nt\  :>  '  t 

The  formation  reaction  is: 

2C( s )  +  3H2(g)  =  C2H6(g)-  • 


From  the  table: 


vaporization  of j  2  carbon a  toms 

Energy  added  =  2(171.7)  =  343.4 


"  1 

a.  Breaking  of  3  H-H  Bonds  : 

Energy  added  -  31216  (3  x  104.2)* 

;  Ti  ..  *  ... 


Total  Energy  added  *  343.4  +  312.6  =  656 
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The  energy  released  in  the  formation  of  the  ethane  molecule 
is  : 

formation  of  six  C-H  Bonds  =  6(98.8)  =  592.8 

i  ‘  ’  i  v  ' 

formation  of  one  C-C  bond  =  (1)(83.1)  =  83.1 


Total  energy  released  =  675.9 


The  net  energy  is  656  -  675.9  =  -19.9  kcal.  Due  to  the  fact 
that  the  elements  were  at  the  reference  state ,  the  enthalpy 
at  273°K  is  -19.9  kcal.  This  approximate  value  is  in  very 
close  agreement  with  values  obtained  experimentally. 


•  PROBLEM  11-12 


Gaseous  hydrochloric  acid  dissociates  in  water  as' 
described  by  the  following  chemical  reaction  : 

4  i 

HCl(g)  - >  H+(aq)  +  Cl~(  aq)<  % 

Using  the  following  heats  of  formation,  calculate 
for  the  reaction.  _  ^ 

Heats  of  formation  @  77 °F 

.  t:  ■  v  '  •  ••• 

HC1  -  AHf  =  -87.54  Btu/mole 

s  H+  -  AHf  =  0  Btu/mole 

Cl"  -  AHf  =  -158.8  Btu/mole 


Solution:  The  heat  of  reaction  is  found  by  subtracting  the ^ 
sum  of  the  heats  of  formation  of  the  reactants  from  those  of 
the  products .  ' 

v  :  45:  ’ 
j; 


AH 


o 

298 


E  AH°  -  E 

products  ?react ant s  ' 


=  (0  -  158.8)  -  (-87.54) 

=  -71.26  Btu  ?  '  v  . 
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•  PROBLEM  11-13 


Heats  of  formation  are  usually  estimated  by  using  bond 
dissociation  energies.  Determine  the  heat. of  formation 
for  propane  @  STP  using  the  following  bond  energy  data. 

;  -f 

Data  @  298°K  and  1  atm 

Bond 

Bond  energy  (kcal/mole) 

C-C 

80 

C-H 

99 

H-H 

~  *  .  103 

heat  of 

s  .  t 

sublimation  of  carbon  =  171 . 7  kcal/mole 

Solution :  The  reaction  is  : 

3C  f  solid)  +  4H2(g)  - ^  c3H8(e) 


*  f  +•  - 

The  AH  for  this  reaction  can  be  obtained  by  using  the  bond 
energies  in  the  individual  reactions  and  then  adding  or  sub¬ 
tracting  them  as  the  case  may  be.  , 


,  .  -  t- 

From  the  data, 
3C  (solid) 


* 

■  t 

3C(g)  '  AH  =  3(171.7)  kcal 

_  A 


4H2(g)  - *  (4)(2)H(g)  . 

3C(g)  +  8H(g)  - *  C3Hg(g) 


AH  =  4(103)  kcal 
AH  =-  [2(80)  +  8(99)] 


(The  negative  sign  is  there  since,  in  this  reaction,  the  bonds 
are  being  formed.  Two  C-C  bonds  are  formed  and  eight  C-H 
bonds  are  formed.) 


By  adding  the  equations  (and  AH's),  - 

3C  (solid)  +  4H2(g)  - ^  C3H8(g)  AH  =  -24.9  kcal 

'“formation  (C3H8>  =  ‘  24..  9  .kcal/mole 
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FIRST  LAW  ANALYSIS  OF  REACTING  SYSTEMS 

V  •  PROBLEM  11-14 


Using  the  following  heat  of  solution  data  for  ethanol  , 
calculate  the  heat  of  dilution  from  the  more  concen¬ 
trated  to  the  more  diluted  solution,-, per  mole  of  ethanol. 

Data  @  77° F 3  -  I  ?  ' 

-  *  .  ..  *  ? 

AH  =  -4.45  Btu/mole  for  H  qjj  :  ”  1/6. 

*  2  5 

t 

AH  =  -6.66  Btu/mole  for  Xc  H  0H  “  !/10  jr 

2  5 


Solution:  The  mole  fractions  given  in  the  data  can  be  us®d 

to  determine  the  CgHgOH/HgO  .ratio  and,  thereby,  one  can  obtain 

ctni  ohiometrv  of  the  chemical  equations.  Once  the  equa- 
UonI  ar“«en,  by  sutraction  the  desired  chemical  equation 
and  therefore,  the  desired  AH  can  be  found.  .... 

- 1  »  .  t 

When  Xc  H  0R  =  1/6,  i.e.  the  ratio  ^of  (moles  ethanol )/  f 


(moles  ethanol  '+  moles  HgO) .-  1/6  *  *  u. 


The  chemical  reaction  is 


C2H5OH  +  5H20  - »'  C2H5OH  •  5H2o  ‘  ^  AH  =  -4 . 4'5‘ Btu  /mole 


When  Xc  H  0H  1/10. 

2  D 


C2H5OH  +  9  H20 


C2H5OH  '  9H2°  =  '6-66  Btu/mole 


Subtracting  the  2nd  from  the  1st  equation  gives 


C2H5OH  *  5H20  +  4H20 


CoHc0H  •  9H90  AH =  -2.21  Btu/mole 
2  5  2.  . 
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•  PROBLEM  11-15 


The  normal  boiling  point  of  water  is  9720  cal/mole. 
Calculate  the  heat  of  vaporization  at  35°C  and  1  atm. 
Use  the  following  Cp  values  to  solve  the  problem. 


C  Values  *  t* 


for  H20(1);  C  =  18.06  cal  deg  '^nole"’  -  (independent 


of  temperature) 


-7_2 


for  H20(g);  C  =  7.219  +  2.374(10  )T  +  2.67(10  )T 

^  -1-1 
cal  deg  mole 


Solution :  In  this  problem,  the  equation 


&H2  -  AH 


>  -  ( 


AC_  dT  is  used  to  find  AH  ,  . 

P  vaporization 


at  35°C.  The  problem  states,  c  • 

H20(1)  - >  H20(g)  AH373  =  9720  cal 

Cp  =  Cp  products  -  Cp  reactants' 

=  7.219  +  2.374(10“3)T.+  2.67(10"7)T2  -  18.06 
=  -10.84  +  2 . 374( 10“3 )T  +  2.67(10“7)T2 


H373  T.,  H308  I  [-10-84  +  2 . 374v' 10'3  )T  +  2.67(1CT7) 

-  *  t!]  r  • 

=  I-10.84T  +  1.187  x  10“3T2  +  8.9  x  10“8 


h  '  £  ..JK  .  ‘  T; 

^373  _  ^308  =  ~650 


AK208  =  +9720  +  650 

=  10,370  cal/mole 
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•  PROBLEM  11-16 


Benzene  burns  in  air  by  the  following  reaction: 

C6H6(1)  +  H  02(g) - >>  6C02(g)  +  3H20(1) 

When  the  combustion  is  carried  out  at  77°  F,  18000 
Btu/lb  (benzene)  is  evolved.  Calculate  AHy7  F 
for  this  combustion  per  mole  of  benzene.  Use  78.11 
lb/lbmole  as  the  molecular  weight  of  benzene. 


Solution:  Using  the  thermodynamic  relation  AH  =  AE  +  AnRT , 

the  AH  for  the  reaction  can  be  obtained. 

By  definition,  AE  =  qv.  For  this  reaction  @  77  F ,  qv  = 

-18000  Btu/lb 

or  -18000  Btu/lb  x  78.11  lb/lbmole  =  -1.40598  x  10®  Btu/lbmole 

=  qv 

AH  =  -1.40598  x  106  +  AnRT 
For  this  reaction  An  =  6  -  7£  =  -1£ 

(The  moles  of  liquid  are  not  included  since  the  liquid’s  pres¬ 
sure  effects  are  negligible.) 

AH  =  -1.40598  X  106  -  ( 1 . 5 ) ( 1 . 987 ) ( 460  +  77) 

AH  =  -1.4075  x  106  Btu/lbmole 


•  PROBLEM  11-17 


The  melting  point  of  copper  is  1083  C.  If  molten 
copper  is  cooled  below  the  melting  point  to  a  temper¬ 
ature  of  1073^0, nucleation  of  the  solid  copper  occurs 
and  solidification  proceeds  adiabatically .  How 
much  copper  solidifies?  Use  the  following  data  to 
solve  the  problem. 

Data 

-1 

Latent  Heat  of  fusion  of  copper  =  3,100  cal  mole 


@  1,083°C 


C 


P 


c 


p 


of  liquid  copper  =  7.5  cal  deg  ^  mole 

-3 

of  solid  copper  =  5.41  +  1.5  x  10  T  cal 

,  -l  .  -1 
deg  mole 
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Solution  j,  -Since  no  heat  is  added  or  let  out  from  the  system, 
solidification  is  caused  only  by  the  heat  evolved  in  the 
process.  The  solidification  stops  when  the  temperature  is 
raised  to  the  true  melting  point  by  the  heat  evolved  in  the 
solidification  process.  Therefore  the  heat  balance  is  be¬ 
tween  the  heat  evolved  during  solidification  and  the  heat 
required  to  raise  the  temperature  of  the  copper  which  is 
now  a  mixture' of  liquid  and  solid  to  the  melting  point. 

This  heat  is  equal  to  '  w'  '  \ 

1.356  _  _  1356 

I  Cp{1)  dT  =  1  7.5  dT 

1346  .  *  '  1346  -  „ 


=  75.0  cal/mole  of  liq.Cu 

^  .  4  ■  t  tdi  'v.. 


and 


1356 


1356 


1346 


CP(s)  dT  " 


.-3, 


i  (5.41  +  1.5  x  10  .  T)  dT 
1346  f  , 


5.41T  +  0.75  x  10"3T2 


1356 

1346 


74:37  cal  mole 


< 


of  solid  copper 

. i  .»  i  . 


For  every  mole  of  copper  that  solidifies,  3,100  cal  of  latent 
heat  are  evolved . 

.  .  k  -  1  1 

The  amount  of  Cu  that  is  raised  to  the  melting  point  is 


It +  3? 100  7574'37]  =  41*34  mole  of  Cu 
The  fraction  of  Cu  that  solidifies  =1/41.34  =  0.024 

S  •  *  «".*  '  t  O  '  1  "  L  ■'! 

•  ■*  '•  * 

r  .  1  T. 

i  '  r|  r  . 


•  PROBLEM  11-18 


The  reaction  of  chromic  oxide  with  a  strong  stoichiome¬ 
tric  amount  of  pure  aluminium  at  25°C  is 


2A*(s)  +  Cr2°3( s ) 


2Cr 


(s) 


+  A12°3(s) 


The  reaction  is  exothermic  and  the  maximum  temperature 
attained  by  the  products  is  2,173°K.  Using  the  follow¬ 
ing  data,  determine  the  heat  lost  to  the  surroundings 
per  kilogram  of  aluminium.  Solve  the  problem  two  dif¬ 
ferent  ways  using  the  following  two  assumptions: 
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(a)  The  reaction  takes  place  at  25  C,  the  heat  gene¬ 
rated  is  used  to  heat  the  products  to  2,173  K,and  the 
remaining  is  lost  to  the  surroundings. 

(b)  The  reaction  takes  place  at  2,173°K  i.e.  heat  is 

supplied  to  the  reactants  to  bring  them  to  a  tempera¬ 
ture  of  2 , 173°K.  ’ 

Data 

.  r."  ~  -  %  - .  * 

Standard  heats  of  formation: 

!l‘ 

Cr203  -  AHf  -  -270  Kcal/mole 
Alo0 o  -  AH  -  =  -400  kcal/mole 

^  ^  •  I  K  ■  .  ,  M1 

,  A-  v  -  ’  ■  J 

-1  -1  ^  V 

Heat  capacities  (cal  deg  mole  )  * 

It 

c  ,  =  27.38  +  3.08  x  10 ~3  T  -  8.20  x  105T‘ 

p( AlgOg ( s) ) 


P(Cr(s)) 

Cp(Cr(D) 

CP(A1(S)) 
Cp( A1 ( 1) ) 
Cp(Cr2°3) 


=  5.84  +  2^36  x  10  T  -  0.88  x  10ST‘ 


=  9.40 


=  4.94  +J  2.96  x  10'3T 


=  7.00 


=  28.53  +  2.20  x  10  3T  -  3.74  x  105T~2 
Latent  heats  of  fusion 


=  Cr 


~(s)  “.w(l )  , 

heat  of  fusion  =  4,600  cal  mole" 


m.p.  =  2,123°K 


A1(s)  ~  A1(l) 


m.p.  = 


932°  K 


heat  of  fusion  =  2.5  kcal/mol 
mol.  wt  of  A1  =  26.97  g/mol 


R-. 

Solution:  Using  assumption  (a):  . 

This  assumption  makes  the  problem  relatively  easy  to  solve. 
The  enthalpy  of  the  reaction  is  calculated  from  the  heats  of 
formation.  The  heat  used  to  heat  up  the  products  is  then 
calculated  by  using  the  equation  T2 

.  ,  '  ;  AH  =  f  C  dTl 


693 


These  two  values  are  then  subtracted  in  order  to  obtain  the 
heat  dissipated  to  the  surroundings. 

.  .  'U  v  V 


The  heat  of  reaction  @  298°Kvis 


**  r 


AH® 29g  =  -400 , 000  -  (-270,000) 

=  -130,000  cal  of  heat  evolved. 

t.  ■:  v>-\  » 


This  evolved  heat  is  partly  used  to  heat  2  moles  of  chromium 
and  1  mole  of  AlgO^  to  2,173°K.  ■  «  . 

-  ■  '  i  '  >  '  -  :1  *  ,  . 

The  heat  required  by  the  AlgO^  *s 


2,173 


AH' 


(298+2, 173 °K) 


31 


=  (  c 


p (Al203)dT 


298 


(  .V 


=  j~27 . 


38T  +  3.08  x  10"3T2 


8.20  x  10  5T 


2 ,173  ■ 


298 


=  51,350  +  7,140  -  2,375 
=  56,115 *cal  raole~^ 


The  heat  required  for  the  Cris  a  little  more  complicated 
to  calculate.  This  is  due  to  the  fact,  that  Cr  melts  at 
2 , 123° K.  ' 


2  .123 

Y 


AH' 


}  . 


(298-2, 173°K) 


298 


i,Cp(  Cr  ( s )  )  dT. 


+  2  moles  (heat  of  fusion) 

r  *  *  • 

2,173  .  *  V 

+  |  Cp(  Cr(  1 ) )  dT 

2,123 
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2,123 

AH0 ( 298_2  173 °K)  =  \  R1-68  +  4*72  x  10~3t  -  1.76  X  105T_2|dT 

298 L  l’  J 

2,173 

^  +  2(4,600).+  J  %  18.80  dT 
*  2,123 

=  21,300  +  10,430  -  508  +  9,200  +  940 


=  41,360  cal 

lW. 

'  **  J>  ’’  '  ■ 

The  heat  lost  to  the  surroundings  is : 

heat  loss  =  130,000  -  56,100  -  41,400. 
=  32,500  cal 


v  & 


This  heat  is  for  2  moles  of  aluminum  reacted,  . the  heat 
loss  per  kg  is  '<*  - 


32 ,500  cal  1 ,000  g/kg  _  fiOT  nno  cal 

2  mole  x  S4.S7  g/mSle  '  603'000li,EIin 


For  assumption  (b),  the  heat  required  to  raise  the  reactants 
to  1,373°K  must  include  the  melting  of  A1  which  occurs  at 
932°K. 

agj  -  ^  & 


The  heat  needed  to  raise  the  temperature  of  two  moles  of 
aluminium  to  2,173°K  from  298° K  is 


n. 


*  i' 


932  ,  • 


AH°(  298+2  ,*173 °K) 


1 

298 


Cp(‘Al(s))  dT 


+  2  moles  (neat  of  fusion) 


2,173 

r 


932 


'P(AKD) 


y'  o 

dT 
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'  AHb 


932 

(298:2f?73”K)r=%  f^4''94  +'  2'9®  '?  ^T)' dT 

298  '*  ’ 


f  * 


2,173 

'  '**  +  2(2,500)  +  j  '  (7)  dT 

zr  r.  :  932 

•  +  t:K.  1 ,  ^  “  30,940‘calff  +  ,i>'  -\- 

l  ^  t'  *  ► 

The  heat  required  for  Cr203  is 


S  »■  2,173 


i  T<  !‘ 


(29&t-2^173)  '  **&*>}  •  p 
298 


4 


C  dT'  r 


i  t 


=  [28. 

*■+  UU 


53T  +  1.10  x  10 
5„-112’173! 


“3T2+  3. 


74 


x  10°  T"-*] 


298 

U  ■  *  .  t  ^  ■  *  •  *  V- 

■j  i  *  ~  *  -  *  '  y-  57,500  <cal  '  * 


•  * .  *  The  total  heat  required  ,to  bring ithe  -reactants  to  a 
temperature  of.  2 , 173°  K .  is  <5.  £  ..  ?  *>  ‘ 

AH0  =  30,940  +  57,500 

=  88,440 

*  i  |jr,.  .*  H  J  j-  .  “  ;l  |  (  ",  3  '  * 

1  t  1  •  ’  ^  ‘  :  ;:-i  .  1  >  - 


Now  the  heat  of  reaction  @  2,173°K  must  be  determined. 

932 


AH‘ 


2,173 


-  AH0 


298 


t  298  4 


L2Cp(Cr(s))  +  Cp(Al203) 


*"2CP(A1(s)  )  '  Cp(Cr203)J  dT 


,0] 


'  Ji  1C-  t f  ;1  4.  /  ,„i 

2,123 


-  (2  x  2,500)  + 


I  V 

932  1 


Cp(Cr(s) )  +  Cp(Al203) 


*  i  1 1  >  *  1  ; 


>2Cb( Al(  1) )  “  CP(Cr203))]dT 
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+  (2  x  4,600)  + 


2,173  *  .  * 

|  PCp(Cr(  1) ) 
2 , 123  L- 


+.  a  r 

+  CP(f2°3)  ' 


2?p(Al(l))  r  Cp(Cr203(s)) 


dT 


AH°2  173  =  ’121,000  cal  "  ^ 

heat  loss  =  121,000  -  88,440 

=  32,560  cal  ‘  f' 

Per  kg  of  Al,  ,  * 

32,560  1,000 
heat  loss  =  — ^ —  x 

=  603,000  cal  . 


This  heat  loss  is  the  same  as  the  amount  calculated  earlier 
(where  the  first  assumption  of  the  reaction  is  occurring  at 
298°K) .  „  .  r 


•  •  problem  11-19 


A  furnace  operates  with  a  gas  inlet  temperature  of 
650 °C  and  an  outlet  temperature  of  1,100°C.  The  in¬ 
let  gas  is  composed  of  10  percent  CO,  20  percent  COg , 
and  70  percent  N2  by  volume.  The  combustion  occurs 
with  a  stoichiometric  amount  of  air.  Using  the  fol¬ 
lowing  data,  determine  the  maximum  flame  temperature 
and  the  heat  supplied  to* the  furnace  in  Btu/ft3  of 
exhaust  gas .  «  ■ 

Data 


Standard  heats  of  formation  * 


CO; 


AHf  =  -26,400  cal/mole 

••  ;  ;  . 

AHj  =  -94,050  cal/mole 

•  i;j  '  r  ►  V 

1  —1  —1  * 
Heat  capacities  (cal  deg  mole  )  f 

C  =  6.79  +  0.98  x  10~3T  -  0.11  x  105T“2 

p  *  ■  *  * 

C  =  7.16  +  1.00  x  10”! T  -  0.40  x  10 ST-2 
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CO  •  C  =  10.55  +  2.16  x  10~3T  -  2.04  x  105T' 

Z  P  , 


C  =  6.66  +  1.02  x  10  T  t  ± 
P  f 


r?  f 


Combustion  reaction 


2C°(g)  +  °2( g)  ^  2C°2 C g ) 


Solution:  This  problem  involves  a  heat  balance  between  the 

heat  evolved  in  the  reaction  ahd  the  heating  of  the  products 
and  the  surroundings .  Assuming  adiabatic  conditions ,  the 
maximum  flame  temperature  can  be  determined.  The  gas  heat 
is  partly  transferred  to  the  furnace  and  partly  carried  off 
in  the  exhaust.  Calculation  of  the  heat  carried  off  in  the 
exhaust  will  also  enable  us  to  find  the  heat  supplied  to  the 
furnace.  The  heat  of  reaction  at  25°C  is  determined  by  using 
Hess's  law  and  the  heats  of  formation  of  CO  and  C02. 


Therefore,..  . 


=  [2  x  (-94,050)  -  2  x  (26,400)  -  0| 


=  -135,300  cal 


However ,  rthe  reaction  is  occurring  @  650°C  (923°K).  There¬ 
fore,  the  equation 

*  ■)  -  3  i i-  i  .. s  V  t  A, 

wu  *  ‘  KAH°i=  AC  dT 

V  -a-  -J  .  iP 


must  bemused.  ?  •<.-?  : 

~l  .  t  i 

A-  J  jg  „  ,  T 

From  the  data,-  AC-  = 


icp  2cp^o2(g^  '  '2cp^0(g))  ■  cp^2(g^  '  , 

=  0.36  +  1.36  x  10”3T  -  3.46  x  10 ST”2 


AH®  =  AH„  +  0.36T  +  0;68  x  lO"3  T2  +  3.46  x  10ST' 


( AHq  =  the  integration  constant ) 

To  find  AHq ,  a  substitution  of  AHggg  is  done 

-135,300  =  AHQ- +  0.36(298)  +  0.68  x  10  3(298) 

*  »•  . 

' *+  3.46  x  10s(298)  v  ' 


AHn  =:  -136 ,600 
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. AH°  =  -136,600  +  0.36T  +  d.68  x  10~3  T2  ^ 

!• 

+  3.46  x  105T_1 

For  923° K,  v,  .  -m:  .  * 

m  •  -  -F  *  i  «>■? 

AH923  =  ~135>314  cal 

This  heat  will  raise  the  temperature  of  the  product  and  ni¬ 
trogen  gases  and  will  be  positive  with  respect  to  the  ex¬ 
haust  gas. 

:*0  *  t'  M-  ■*  ■!■ 

The  exhaust  gas  contains 


I  • 


2  raol  C02  from  the  combustion  reaction 

2  mol  C02  from  the  blast  furnace  gas 

7  mol  N2  in  the  blast  furnace  gas 

4  mol  N2  in  the  air  (due  to  ,the  stoichio¬ 
metry  of  the  reaction). 

This  gas  is  heated  to  the  maximum  flame  temperature  by  the 
heat  evolved  by  the  combustion  of  2  moles  of  CO  @  923° K. 


heat  available  =  AH^2 3 


(•max 

fc 

923  * 


p (exhaust  gas) 


dT 


max 


heat  available  =  135,314  cal  = 


dT 


For  4  moles  of  C02' 

C  =  42.2  +  8.64  x  10”3T  -  8.16  x  10ST~2 


For  11  moles  of  N, 


>-3, 


C  =  73.26  +  11.22  x  10  T 
P 


max 


(115.46  +  1.986  x  10'2T  -  8.16  x  105f“2 )  dT 


923 


=  135,314 


[• 


max 


115, 46T  +  1.986  x  10  ZT2  +  8.16  x  lO5^'  g23  135>314 

2  **  J 
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I 


_  2 

115. 46T  4-  —  t2  +  8.16  x  10  ST" 1  ‘=  251 , 227 

m  2  m  m  ' 

f 

Since  T  1  will  be  small,  the  third  term  on  the  left  hand  side' 
m 

will  be  neglected  to  give  a  quadratic  equation,  which  can  be 
easily  solved.  <  ■ 

9.93.x  10~\T2  +  115. 46T  -  251,227  a  0 

m  *  -  m.  ’  ■  ■  t  ••• 

•  -  1  }  -  *  •  ' 

Using  the  quadratic  equation, 


T 

max  ■  '  2(9.93  x  10“  3)  > 

T  =  1 , 874 0  K  =  1 , 60 1 0  C  " 

max  *  ' 

.  *.  The  maximum  flame  temperature  is  1,601°C.  * 

Tt 

The  heat  supplied  to  the  furnace,  is  the  difference  between 
the  heat  of  reaction  and  the  heat  taken  away  in  the  exhaust 
gases. 


The  heat  carried  by  the  exhaust  gases  is  the  one  that*1  raises 
the  exit  temperature  to  1,100°C  from  an  inlet  temperature  of 
650  °C . 


-115.46  ±  y( 115 . 46) 2  -  4(9.93  x  10~  )(-251,227) 


This  heiit  is  - 
^  /  '  1,373 

I 

923 


+  8.16  x  10 


1,373 

923 


=“  61 ,927.  caT 

. * .  The  heat  supplied  to  the  furnace  is 

•  0. 135, 314  -  61,927  =  73,387  cal  . 

This  heat  is  for  4  mol  COg  and  11  mol  Ng  =  15  moles  of  ex¬ 
haust  gas.  Assuming  ideal  gas  behavior,  the  gas  volume  at 
STP  is  15  x  22.4  liter  -  336  liter  .At  1,100”C  and  pressure 
of  1  atm,  the  gas  expands  to 

.336  liter  x  °K  =■  1,690  liter  * 

=60  ft3  of  gas 
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is : 


j; 

The  heat  supplied  to  the  furnace  per  ft3  of  exhaust  gas 

i 


=  1,223  cal/ft3  exhaust  gas 


=  4.85  Btu/ft3  exhaust  gas 


r 

* 

•  PROBLEM  11-20 

Psychrometric  charts  are  indispensable  when 
mass  of  water  removed  and  the  refrigeration 
tain  systems.  Using  a  psychrometric  chart , 
two  quantities  for  the  following  system: 

calculating  the 
required  in  cer- 
determine  these 

Initial  state: 

- 

t±  =  80  °F 

humidity  =  40%'  ' 

* 

Final  state:  * 

tf  =  50  °F 

humidity  =  100% 

Amount  of  airflow  y 

* 

2,000  cfm  incoming  air  processed 

- 

Solution :  By  using  the  psychromet ric  chart,  the  initial 

(and  final)  enthalpy,  weight  of  moisture  (per  lb  dry  air)  and 
volume  are  obtained.  By  using  mass  and  energy  balances,  the 
mass  of  H„0  removed  and  the  refrigeration  required  can  be 
calculated . 


?01 


PSYCH ROMETRIC  CHART 


WATER  VAPOR  IN  1  lbm  OF  DRY  AIR,  GRAINS 


Cn 


702 


Dry-bulb  temperature 


Initial  state  properties 
ti  =  8°°F 
humidity  -  40% 

enthalpy  =  Ik  =  29  Btu/lb  dry  air 

mass  of  moisture  =  m^  =  62  grains/lb  dry  air 

volume  =  =  13.78  ft 3 /lb  dry  air 


;i  ■  y 

Final  state  properties  -  ‘ 

tf  =  50 °F 

humidity  =  100%  '■ 

hf  =  20.4  Btu/lb  dry  air 
!  raf  =  53  grains/lb  dry  air  ± 

Vf  =  13.0  ft3/lb  dry  air  !:, 


Therefore,  the  amount  of  water  to  be  separated  out  per  pound 
of  dry  air  is 


ra  *  m.  -  m.  =  62  -  53 
sep.  i  i  .  . 


=  9  grains 

The  energy  balance  gives, in  conjunction  with  the  mass  bal¬ 
ance  on  air  and  water,  the  refrigeration  requirements  (per 
lb  of  dry  air)  as  the  decrease  in  enthalpy: 

-Q  =  h±  -  hf  -  ( mi  -  raf)hw 

where  hw  is  the  enthalpy  of  saturated  HgO  liquid  at  50 °F  ' 


\ 

-  18.1  Btu.  Since  1  lbra  =  7,000  grains,  ra^  and  m^  are  di¬ 
vided  by  7,000. 


Therefore, 


-Q  =  29 


20.4 


77000 


j 


=  8.6  Btu/lbm  dry  air 


The  total  moisture  removed  is  given  by 


2,000  cfra 

:  it  — 


(m^  —  m j ) 

■7,600  ■ 


2,000  cfm 
13.78  cf 


(9  grains)  _ 

7” 666  grains / lbm 


0.19  lbra/min 
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and  the  refrigeration 


(-QJ-Cff2) 


2,000 

13778  x 


8.6 


1,248  Btu/min 
6.24  tons 


ADIABATIC  FLAME  TEMPERATURE 


•  PROBLEM  11-21 


The  combustion  equation  for  octane  burning  in  theoretical 
air  (21%  02  and  79%  Ng )  is 

^8^18^  ^  ^  "**  12 . 502  +  12.5(3.76  )N2  -*■  8C02  +  9H20  +  47N2 

Determine  the  adiabatic  flame  temperature  for  liquid  oct¬ 
ane  burning  with  200  percent  theoretical  air  at  25°C.  Use 
the  following  data  to  solve  the  problem: 

h°f  =  Standard  enthalpy  of  formation 

(all  enthalpies  are  in  kcal/mol) 


DATA 


-SPECIES 

TPTTK cal 
/mol) 

h25»C 

hl39°C 

hll7/°C 

h838°C 

CbHi0 

-27093.8 

_ 

_ 

_ 

_ 

CO  2 

-42661.1 

1015.6 

8771 

7355 

5297 

h2o 

-26218.1 

1075.5 

7153 

6051 

4395 

n2 

0 

940.0 

5736 

4893 

3663 

02 

0 

938.7 

6002 

5118 

3821 

Solution :  Using  the  information  obtained  from  the  stoichio¬ 

metry  of  the  chemical  equation  (written  for  the  200  percent 
air  combustion),  a  heat  balance  can  be  written.  By  trial 
and  error,  a  set  of  enthalpies  at  a  particular  temperature 
can  be  found  that  satisfies  the  heat  balance.  The  temp¬ 
erature  to  which  this  set  of  enthalpies  belong  is  the  adia¬ 
batic  flame  temperature. 
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The  combustion  equation  for  the  reaction, is  \ 

■\ 

C8H18(1)  +  <2)(12.5)02  +  (2)(12.5)(3.76)N2  - >  8C0^  +• 

+  if  r'i  ■- 

9H20  +  2(12.5)(3.76)N2  +  ,(12.5)02;, 


Due  to  the  fact  that  the  process  is ^adiabatic 


H  ■  —  h 

reactants  products 


The  enthalpy  of  the,  reactants  is 
*  ■„  H 


4- 


- ■  Ch® «)p  u  =  -27,093.8  kcal/mol ./since 

1  l8h18  '  ' 
all  of  the  heat  given  off  is  due  toHhe  combustion  of  oc- 

tane,  reactants  ;  f'CgRjl.  From  the  reaction  stoichio- 


reactants 


metry,  the  enthalpy  of  the  products  is  given  by 

'  ;  l  ‘  l-  ...  4  •  ‘Vi-  t  :: 


Hproducts  8^hQf  +  hx  -  h25QC)C02  +  9^f.+  hT  "  h25*C^H20 
+  94(h°f  +  hT  -  h25QC^N^  +  12.5(1»T  -  h25QC^C>2 


=  8(-42, 661.1  +  (hT)C0  -1,015.6)  +  9(-26, 218.1 
+  (hT)H  Q  -  1,075.5)  +  94((hT)N  -940)*+ 

’  2  ”*-/■.  2  *  i 

12.5((hT)n  -  938.7)  ? 

2  ♦  <■*».  *  *  - 


(The  enthalpy  of  the  products  is  the  enthalpy  of  formation 
of  each  product  species  plus  the  enthalpy,  change .  The  en-^ 
thalpy  change  ■=  hT  -  h25oc  since  hgf=  h,p  and  h^  -  h25°C* 

Each  individual  product  enthalpy  iss;multiplied  by  the  number 
of  moles  produced.) 


As  a  first  guess,  a  value  of  T  ■  1,393QC  is  assumed  (it  is 
logical  to  try  the  highest  value  of|(T  in  the  data  table). 

.  '  ^  ■  ■-  v  .  * 

-  f  .■  ?  *  V 


T  =  1 , 393  C 


Hproducts  =  8( -43, 676. 7  +  8,771)  +  9( -27, 293. 6  +  7,,  153 
+  94(5,736  -  940)  +  12.5(6,002  -  938.7)*; 


=  53,604.3 
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This  value 
Therefore 
trial,  T  = 

T  = 


of  T  is  too  high  since  Hreac*tants<  -  27,093.8.  .re 
a  lower  value  of  T  is  attempted.  ,  For  the  next 

1,171°C  is  assumed. 

r  !  •  '  ....  \  \  ' ;  .  .  ' 

1 , 171°  C 


H 

products 

JJ 

products 


8(-43 , 677  :+‘  7,355)  +  9(-27,294  +  6,015) 

+  94(4,893  -  940)  +  12.5(5,118  -  939) 

■i:  +?*  ■  ... 

-58,268 


This  value  of  T  is  too  low.  '■  Therefore  it  is  clear  that 

Tadiabatic-f lame' i®  between  1,393»C  and  1,171«C.  In. order 
to  obtain  -a  .fairly,  accurate  answer  quickly,  an  interpolation 

i 

may.  be' made.  ..?+  .  z  >■,*■?  ;  i  a 

A  =  (Hprod^l,393QC  "  (3prod^l,171°c'  =  i-1*8723  x  1C)5 
*  3  (Hreactants  J  _  (3prod^l ,171QC  =  31 » 174  • 2 


J  “  °*28 


*  t  '  1' 


.  '  .  T  .  ,  .  „  is  approximately  28%  of  the  way  between 

adiabatic-flame 

1,171  and  1 ,393°C, from  the  lower  temperature. 


. T  f  =  0.28(1,393  -  1,171)  +  1,171 
=  1 , 233°  C 

‘Ur  h:  e  i  ■■  '  J 

'  .;  •  -  r  .:,!Pr  *.  .  -V  ’  .  *  . 

Although  correct,  this  solution  is  not  practical  due  to  pro- 

■>  .  '#*  ...  f  V  i-  *  -  :  -  ■=■  '  - 

duct  dissociation.  '  ^ 

Wv~  «•  *  v»  "I  -r  ■  e  „T-v  v  r..  • 


•  PROBLEM  11-22 


Carbon  monoxide  burns  with  a  stoichiometric  amount  of 
air  as  described  by  the  following  equation:  ’ 

C0(g)  +  +  3*76N2](g)  =  COg  ( g )  +  1.88N2(g) 

Initially  *  the  carbon  monoxide  and  air  are  @  STP.  De¬ 
termine  the  adiabatic  .flame  temperature  for  this  com¬ 
bustion.  Use  the  following  data  to  solve  the  problem 
and  assume  a  basis  of  1  Ibmole  of  CO  burned.- 


I 
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Data  ‘  * 

enthalpy  of  air  @  25°C  =  0 
heat  of  combustion  of  CO  .=  AH^,  = 
-121,800  Btu/lbmole 


Mean  molar  heat  capacities 


Species 

Temp  ( °F) 

ir,_ 

Cp  (Btu/lbmole°F) 

C02 

3 ,000°F  . 

9  l  -ly 

,r-  12.78  ... 

‘  _  ,  * 

N2 

3 ,000°F 

7.86 

IT 

..  •  *,•»■  ,  i 

co2 

4 ,400°F 

13.4 

N2 

4 , 400 °F 

8.10 

Solution:  To  solve  this  problem,  an  energy  balance  must  be 
madel  By  trial  and  error,  a  temperature  which  fits  the 
energy  balance  is  found..  This  temperature  is  the  adiabatic 

flame  temp. 

The  actual  reaction  equation  is 

C0(g)  +  i02(g)  =  C02(g) 

^  '  '  ‘  i  j!r  *  "* 

The  energy  balance  is 

AH  «  Q  —  0  .  ^  ,•  ^  t  t  \ ...  K  ■  \  •. 

=  £Hn  +  heating  value  of  fuel.  * 

P  it 

•  « .  ■  j  x>  ; 

■(  jF 

But  EHj^  *  0  . ,  .  ,  ^  }x_ 

, ’ .  £Hp  =  heating  value  of  fuel 

=  -(heat  of  combustion  of  fuel)  ' 

=  121,800  Btu  ' 


But , 

EHp  =  E nCp  ( t  -  77)  =  121,800 
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First  trial  :  Try  t  =  3,000°F 

From  the  data,  il  *  •  «•••••• 

For  C02;  nCp  (3,000  -  77)*  =  4'  x  12.48  x*2,923 
.r  =  37 , 400  Btu  : 

/J  ,  j  :  . 

For  N2;  nCp(3,000  -  77)  =  1.88  x  7.86  x  2,923 

|  £*  t  \jtc  >  u  :  i  •  •  i 

*  J=  43,200  Btu 

*  E nCp( t  -  77)  =  80,600  Btu  <:  121,800  >" 

g  %  \  -  V# 

The  temperature  chosen  is  too  low. 

*  *  E*  1  '  v  '**  4  S». 

or 

Second-trial _  Let  t  =.4,400°F 

For  r c02 ;  ^  nCpj4,400  -  77)  =  1  x,13.4  x  4,323  =  57,800  Btu 

F°r'Vr  nCp(4,400  -'  77)  ^1.88  x  8:10  x  4,323  =  65’,  80(j' Btu 
£nCp(t  -  77)  =  123,600  Btu  >  121,800  (  a  little  too  high) 

'i  U  3'*  v  S'  ,  +•  ' 

<’•  \  "  1  .K,\.  +  .  ^  .» 

By  linear  interpolation  between  these  two  temperatures. 


(123,600 

(123,600 


121,800)  =  1,800  Btu  =  AH.  .n  Q 

4 ,400QF~f lame  temp 

80,600)  =  43,000  Btu=  AH 


shm  =  °-0418 


4 , 400  0  F-3 , 000 0  F 


At  =  4,400  -  3,000  =  1,400°F 


4,400',F-tflame  =(0.0418)(1,400)  -  58.6^,  . 

Aflame  ~  4,844  F  —  ^  , 


and  1^4  ie“'P?rat“re  is  found  by  continued  trials 

ana  is  F  (which  is  .fairly  close  to  the  approximated 

value).  •  v  \  ‘ 
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•  PROBLEM  11-23 


I 


Assuming  a  basis  of  one  standard  cubic  foot  of  CO 
burned,  determine  the  adiabatic  flame  temperature  for 
the  perfect  combustion  of  CO  with  a  stoichiometric 
amount  of  air,  when  the  reactant  gases  are  @  60 °F  and 
1  atm  pressure.  Also  correct  for  C02  dissociation. 


Solution :  I.et’s  assume  1.0  SCF  of  CO  burned  as  a  basis  of 

calculation. 

.......  .  *  "  *  1  * 

Process  equation: 

1  SCF  2.38  SCF  '  1  SCF  1.88  SCF 

C0(g)  +  *[02  +  3 • ( g)  -  C02(g)  +  1.88N2 
60  °F  60  qF  t  =  ?  t  =  ? 

AH  combustion  for  CO  @  60 °F  =  -321.8  Btu 

*:  *  *  4  -  *  ^  .  « 

-  ♦  •  &  i 

Reaction  equation: 

(1  SCF)CO(g)  +  £(SCF)02(g)  =  (1  SCF)C02(g)  6; 

S'  i  .  l 

"\ 

Reference  conditions:  t  =  60 °F,  P  =  1  atm 


Enthalpy 

of  air 

@  60 °F  =  0 

4.  * 

Percent  C02  dissociation  (for  P co#j  0.35  atm) 

Temp . 

1.2 

2 ,900  °F 

13.6 

V- 

3 , 800°F 

V 

16.4 

i  l-  r  *  >  « 

3 ,900°F 

Species 

Temp .  •,  * 

Enthalpy  including 
effect 

dissociation 

1  SCF  of 

co2 

2 , 900  0  F 

,  96.5 

1  SCF  of 

co2 

3 , 800  °F 

171 

1  SCF  of 

co2 

3 , 900 °F 

184 

1.88  SCF 

of  N2 

2 ,900°F 

107 

1.88  SCF 

of  N2 

3 , 800 °F 

145 

1.88  SCF 

of  N2 

3,900°F 

150 . 5 

i'  Kf 
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The  energy  balance  is  made  and  a  tempurature  is  found  that 
will  satisfy  this  balance. 

v  '  The  energy  balance  is. 

AH  =  Q  =  0  ' 

'^H  “  =  /£H  H60  ' 

P  R  combustion 

-•  s  -Ji* 

=  0  +  321.8  Btu 


C02  partial  pressure  estimation, 

^  atm  x  gg  =  0 . 35  atm  —  Pqq 


‘  •  Z 

Using  the  known  data,  three  trials  can  be  made. 

t  *  -  1  ,  ,  • 

@  2900°F,  E Hp  =  96.5  +  107  =  204  <  321.8 


this  temperature  is  too  low 


@  3800°F,  IHp  =  171+145  =  316^  <  321.8 

also  too  low. 


@  3900 °F ,  EHp  =  184  +  150.5  =  334*  >^321 . 8 ' 

this  temperature  is  too  high.  *  ' 


l  -t* 


By  linear  interpolation, 

' ~ (3900  -  3800)  =  100 °F  =  At 
«  (334  -316).  =  18  Btu  =  AH 
-  (334  -  321.8)  =  12.2  •  =  AH 


3900-3800 

3900-flame 


3900  -  Aflame  =  TIT  '  <100>  =  68 


T =  3900  -  68  =  3832 °F 
flame 


The  real  adiabatic  flame  temperature  is  3820°F,  which  is 
close  to  the  calculated  temperature . 


?10 


Methane  burns  in  air  by  the  following  chemical  reaction. 

£CH4  +  02  +  3.76N2  — *  £C02‘+  H20  +  3 . 76N2 

This  combustion  can  happen  as  a  constant  pressure  or 
constant  volume  process.  Calculate  the  maximum  temp¬ 
eratures  of  combustion  for  these  two  processes.  As 
sume  that  for.  the  temperature  range  of  interest ,  tne 
specific  heats  are  constant.  Also  assume  that  methane 
reacts  with  a  stoichiometric  amount  of  air  and  that 
initially,  the  methane  and  oxygen  are  at  STP.  The  heat 
of  combustion  for  one  mole  of  CH4  burned  is  equal  to 
48,418.7  kcal/mole. 


Solution:  From  the  stoichiometry  of  the  equation,  it  can  be 

seen  that  5.28  moles  of  gas  react  and  5.28  moles  of  gas  are 
produced.  Therefore,  it  can  be  deduced  that  (Q)p  =  (Q)y 

(where  the  subscripts  p  and  v  refer  to  the  heat  of  combus¬ 
tion  of  a  constant  pressure  and  constant  volume  process,  res¬ 
pectively).  Thus,  the  heat  of  combustion  can  be  used  for 
both  processes  to  calculate  the  maximum  combustion  tempera¬ 
ture  by  using  the  equation 


dQ  =  NCdT 


or  Q 


It  is  known  that 


-«? 


N  =  #  of  moles 


L1  s  q 


(Cv)CO  =  1.75  kcal/mol 
2 

(C  )u  =  1.57  kcal/mol 
v  v  HgO 

(C  )„  =  1.27,  kcal/mol 

v  N2 

(C  ) _  =  2.25  kcal/mol 

v  p'C02 

(Cp)H  0  =  2.07  kcal/mol 


(C  )M  =  1.76;  kcal/mol  ' 
P  «2 


?11 


Hence,  for  a  constant  volume  process:  V  ■  r  )  t 

^products  -.'“‘Vco,  +  <Vh„0  +  3.76(Cv)Nj)/5.28  moles 


04  . 


2  2  ¥  *'2 
=  (i(1.75)  +  (1.57)  +  3.76(1.27) )/5. 28 

=  1.367  kcal/mol  ,  r 


Qy  =  N  f  .  CdT 
■  Jr*  v.4 


1  ^ 


48.? 448-: 7  =  5.28  x  1 . 367(T9  ~  273) 


Tx  =  273°K 

T  -  48  >418 . 7 
2  ‘  2  x  7.217 

T2'=  3627°K=  3354°C 


to 


For  the  constant .pressure  process: 


Qp  -  Q..  - 


6 

i  =  n  f  C  dT 

v  J  P  . 


For  the  products 


CP  ■  <i'cp)co2  +  <Vh2o 


+  3 . 76( C  )w  )/5 . 38  moles 
p 


=  (1(2.25)  +  2.07  +  3.76  (1.76))/5.28 

=  1.858  kcal/mol 

\  4  fc  .  k  i  '  * 


48,418.7, 

2 


T„  = 


5.28  x  1.858(T2  -  273) 

48 ,418. 7  : 

9.81  x  2 


=  2740 °K  =  2467 °C  ' 


-  k  .  t  ^  J  t 

As  can  be  seen,  a  higher  temperature ’is  obtained  with  the 
constant  volume  process.  The  efficiency  of  the  constant  vol¬ 
ume  process  is  therefore  greater  than  the  constant  pressure 
process .  ■  '  J 
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•  PROBLEM  11-25 


The  combustion  reaction  of  methane  with  oxygen  is 


CH4  +  202 


C02  +  2H20 


The  heat  of  reaction  @  18  C  and  one  atmosphere  is 
-383,648.1  Btu  per  mole.  Using  the  following  heat 
capacity  information,  calculate  the  heat  of  reaction 
@  T  -  1000 °C  and  P  =  1  atm.  ^  .  !; 

■  j- 

heac  capacity  equations 

(C  =  4.52  +  (0 . 00737 )T  Btu/mole  °R  ”  >  ' 

P  CH4 

(C  )  =  11.515  -  (172)T7*t+  ( 1530 )T_1  Btu/mole  °_R 

P  C>2  ,  .  j; 

(C  =  16.2-  (6.53  X  10 3  )T_1  +  (1.41  x  106)T^ 

v  p'CO  '  ■  -  •  ' 


Btu/mole  °R 


•  ,  *  *  i  '1 

(G  )h  o  -  19.86  -  597(T)^  +  (7500)T_1  Btu/mole 


Solution:  The  heat  of  reaction  can  be  calculated  using  the 

equation  ,  ^  ,  _  ■  ’  . 

AH  =  -AN  AC  dT  where  A  stands  for 
J  P  ji* 

To  ; 

* 

products  minus  reactants.  * 

The  equation  for  the  heat  of  reaction  is  ..  .j 


^reaction  ~  AH  Nreactants  |  Cp  react  dT  . 


•  <  * . 

(* 

-  N  C  .  .  dT 

products  j,  p  products 

To 


The  reactants  are  1  mole  of  CH.  and  2  moles  of  02 


1  mole  CH4  — ^  Cp  =  4.52  +  (0.0073)T=  * 
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'  2-raoles  0o  — ^  2C  =  23.03  -  (344)T~*  +  3060T”1 
~  -  _ ___£ _ E _  ..  - _ 

<  '  '  i.  C  »■  '  «’!  *  *  '•  i 

3  moles  reactants  - *  N  C  .  =  27.55  -  (344)T“* 

react  p  react  v  y 

9>  ,t  y  '  . 

f  _  „  +  ( 3060)T_1-+  (0.0073)T 

*:'•  ,ii  ,:i1.  ’  ’  ;  t 

The  products  are  one  mole  of  C02  and  two  moles  of  H20. 


1  mole  CO 


2  - *  cp  =  16.2 (6.53  x  103)T~X  +  (1.41  x  106)T‘ 


2  jmoles  H?0  >  2C  =  39. 72 ‘ -1 ( 1194 )T_*  +  (15  x  lO3)^1 


a  * 


■*  - , 


3  moles  predicts  — -  NprQd  Cp  products  ="55.92  -  (1194)T  * 

+f8.47  x  103T_1  +  (1.41  x  106)T“2 


(To  find  ,  divide  by  3) 


AH 


.1 '  m  ,  ■  wi4  ;  i 

T 

3  f  (9.18  -  (114.7)T-i  +  1020T-1  +  0.00246T)  dT 


i'r 

-3  JT (18.64  -  (378)(T)~*  +  (2.823  x  103)T 
T 

0 

+  (0.47  x  10 6  )T2  )dT  v 


=  3p-9.46)(T  -  T0)  +  526. 6(T*  -  Tq)  -  1.803  x  103  In 

+  0 . 00246(TZ  -  Tq)  +  0.47  x  106(i  -  i 
T  =  1000°C  =  2292°R  ’  TQ  =  18°C  =  524. 4°R 


AIT  -  1  1  .  ■  f  *  r 

AH  -  3  £-16 ,721  +  13,152  -  2,659  +  12,247  -  69Q 

AH  =  15,984  Btu/mole  of'CH^ 


714 


►31 H 


AH  =  AH2  -  AH2 


where  AH2  is  the  heat  of  reaction 


2292°R  and  AH^  is  the  heat  of  reaction  @  524. 4°R. 

■  .1  i 

AH2  =  AH .+  AH^-  15,984: -  383,648 
=  -367,664  Btu/mole 


•  PROBLEM  11-26 


An  isothermally  run  (T  =  77° F)  hydrogen-oxygen  fuel  cell 
requires  a  heat  interaction  of  -11.547  kcal/mol  between 
the  cell  and  its  surroundings.  Find  the  cell  eraf  at" 
this  temperature.  *  ..  .  I  ♦  .„!! 

Data  Required  for  the  Problem  jB 
Faraday’s  constant  -  F  -  23,060  cal/V  moi 
”•  Overall  cell  reaction :  r 

h2  +  i02  =  H20  (2  electrons  transferred) 

@  1  atm  and  77°F,  AH  .  .  >ii=  -68.8  kcal/mol 
’  reaction  ' 


Solution:  Using  the  equations' 


AH  =  Q  -  W  and  W  =  -AG  (since  no  PV  work  is  being  done,  only 
electrical  work)  and  AG  =  -nFE,  the  emf  of  the  cell  can  be 
obtained.  „  .  ■  ^ 

AH  =  Q  -  W,  Q  =  -11.547  kcal/mol 

W  =  Q  -  AH 

W  =  -AG  «  Q  -  AH 


AG  =  nFE  =  Q  -  AH,  n'i=  2  v 
nFE  =  -11.547  +  68.8  =  57.253  kcal/raol 


Therefore , 


57,253  cal/mol 
2  x  23,060  cal/V  mol 

.  ■  i  - 

1.24  V 
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•  PROBLEM  11-27 


The  reaction  of  sodium  oxide  with  hydrochloric  acid 
is  described  by  the  following  chemical  equation, 

Na20(s)  +  2HC1  (g)  — ^  2  NaCl(s)  +  HgO  ( 1 ) 

Calculate  the  heat  of  reaction  @  298 °K  using  the  fol¬ 
lowing  data. 

.  .  Data 


Standard  heats  of  formation 


NaCl(s) 

,  -98.6  .±  0.2 

kcal/mole 

Na20(s) 

-100.7  ±  1.2 

kcal/mole 

HC 1(g) 

-22.0  ±  1.0 

kcal /mole 

h2o ( 1 ) 

v -68.32  ±0j 

01  kcal/mole 

Solution:  This  problem  requires  the  use  of  application  of 

Hess's  Law  to  obtain  a  solution. 


The  heat  of  reaction  is  equal  to  the  difference  between  the 
enthalpies  of  the  products  and  of  the  reactants . 


AH298  =  t?  X  <"98-6>  +  (-68.32  5]  -  (7-100.7)  +  2  x  (-22. Of] 


t 


=  -120.82  kcal 


The  errors  however,  are  additive. 


overall  error  =  1.2  +  (2  x  0.1)  +  (2  x  0.2)  +  0.01 


=  ±1.81  kcal 


■L 

.*.  The  heat  evolved  when  one  mole  of  Na^O  and  two  moles  of 
HC1  react  completely  is  120.82  ±  1.81  kcal  or  AH°g„  = 

-120.82  ±  1.81  kcal. 
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THE  THIRD  LAW  OF  THERMODYNAMICS 

•  PROBLEM  11-28 


Using  the  following  data  for  cadmium,  determine ^the 
absolute  entropy  of  Cd  at  298 °K.  Assume  that  T  law 
is  valid  below  12 °C  and  also,  there  is  no  difference 
between  C  and  C  at  these  low  temperatures. 

p  v  „ 

Data 

C,  cal/deg/g-atom  *  '  '  C  ,  cal/deg/g-atom  ft 

V 

cadmium 

4.  1 

°K 

cadmium 

12 

0.392 

130 

* 

5.608 

14 

.592 

140 

5.684 

16 

.804 

150 

5.746 

18 

1.020  '7 

160 

5. '799 

20 

1.240 

170  1 

5.844 

25 

1.803 

180 

5.884 

30 

2.306 

190 

5.922 

35 

2 . 760  r 

200 

5.956 

40 

3.158 

210 

5.988 

45 

3.503  - 

220 

6.018 

50 

3.803 

230 

6.047 

60 

4.283 

240 

6.073 

70 

4.647  ' 

250 

'  6.096 

80 

4.920 

260 

6.119 

90 

5.138 

270 

6.144 

100 

5.284 

280 

6.171 

110 

5.413 

290 

6.201 

120 

5.518 

298.16 

6.224 

Solution:  A  mathematical  integration  is  used  to  determine 

the  quantity;  (It  can  also  be  solved  by  graphical  method.) 


and  the  third  power  law  is  used  to  determine  the  quantity , 
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The  entropy r*at  298,°K.  is  ,thef  addition  of  these  two  values, 


1^298  |S12  298 

298  12 


12  12 


C 

-if  dT 


The  third  power  rule  is 

C  =  aT3  k 
P  ' 


(a  =  constant)  (for  T  <,  12°K) 


To  calculate  @  12°K, 


;  Slf 


12 


12 

f  aT3 


dT  = 


12 

r 


o 

aT3 


*  i 

aT2dT 

12 


t 


-  C  (@  12 °K) 

=  g - r- 


s298 
( ■■ 


%98 


t;  Cp(@  12°K) 
£_~5 


298 


dT 

J  1 


12 


Now  the* second  integral  has  to  be  evaluated, 
that  is  used  is 


The  equation 


YdX  =  Z(X,  -  X  )  ( Y  +  Y.  )/2 


a  a  -  b 

Or 


For  the  case  at  hand  .- 

298 

|  (Cp/T)dT  =  Z(T2  -  T^CCC  /T)2  +  (C  /T)1)/2 
12  ~  h  ~  1" 

where  (T2  -  T^)  refers  to  the  small  temperature  intervals, 
taken  from  the  data. 
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From 

the  data. 

T 

T 

r2 

T9 
(2  : 

:  T2 

• 

T°K 

j  (Cp/T)dT  *' 

■  1  (C  /T)dT 

H  J  P 

(The  {  (Cp/T) 

• 

T 

12  > 

12  , 

is 

12 

0 

0 

0.075 

just  the  sum¬ 

14 

0.075 

mation  of  all 

16 

0.093 

0.-168  4  1 

the  previous 

T0 

18 

0.107 

0.275 

f2 

0.394 

|  (C  /T)dT 

20 

0.119 

J  P 

rp 

25 

0.335 

0.729 

v  I 

30 

0.372 

1.101 

35 

0.389 

1.49 

40 

0.395 

1.885 

<r  f 

45 

0.392 

2.277 

50 

0.385 

2.662 

60 

0.737 

3.399 

70 

0.689 

4.088 

80 

0.639 

4.727 

90 

0.593 

5.32 

100 

0.550 

5 . 87 

110 

0.515 

6.385 

’  L  / 

120 

0.481 

.6.866 

130 

0.446 

#  7.312 

140 

0.419 

/  7.731 

150 

0.395 

=  8.126 

t' 

1.. 

IP 

160 

0.373 

8.499 

170 

0.353 

8.852 

180 

0.335  % 

9.187 

190 

0.319 

9.506 

200 

0.305 

9.811 

^  i. 

210 

0.291 

10.102 

220 

0.279 

10.381 

230 

0.268 

10.649 

240 

0.258 

10.907 

250 

0.248 

11.155 

1: 

260 

> 

ot  240 

11.395 

270 

0.138 

11.533 

280  , 

0.133 

11.666 

£ 

290 

0J217 

11.883  " 

■V  •*' 

4  .  =  1 

298 

0.172 

12.055 

’  1! 
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S298  s298  298 

M  I  ■’  ( 


298 


12 


i* 

1  *  *  0.392 

"  “  3 


|  (Cp/T)dT  ' 


12  ♦ 

+  12.055 


t 

=  12.186  cal/deg/g-atora 


or  for  1  g-atom 


=  12.186  eu 


S298 


•  PROBLEM  11-29 


The  decomposition  reaction  of  chlorine  is 
Cl2(g)  -*  2C1( g ) 

Assuming  that  the  entropy  of  1  mole  of  Cl2(g)  has  an 
entropy  (@  298°  K  and  1  atm)  ,‘  of  53.2  eu ,  and  that  of 
2  g  atoms  of  Cl(g)  (@  25°C  and  2  atm),  is  76.2  eu, 
calculate  the  entropy  increase  for  a  constant  volume 
process.  Also  decide  whether  CiUCg)  will  decompose 
in  an  isolated  system  @  25°C,  1  atm,  assuming  AE  to  be 
57  kcal  at  all  tempuratures . 


Solution :  For  the  conditions  given,  (Cl2  @  298°K,  1  atm. 

Cl  <§>  298°K,  2  atm)  the  volume  would  remain  constant  and  the 
entropy  change  is  76.2  -  53.2  =  23.0  eu. 


In  an  isolated  system,  there  is  no  heat  transfer  to  or  from 
the  surroundings.  The  decomposition  of  Cl2(g)  requires  a 
certain  amount  of  energy  in  order  to  brealc  the  Cl  -  Cl  bonds. 
The  only  source  for  this  energy  is  the  system  itself.  There¬ 
fore,  the  system  will  cool  down  since  the  temperature  would 
drop.  An  absorption  of  57,000  cal  would  cause  the  tempera¬ 
ture  to  drop  so  that  the^  entropy  of  2C1  would  be  lower  than 
that  of  Cl2.  Therefore/ Cl2  will  not  decompose  in  an  iso¬ 
lated  system.  ^ 
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•  PROBLEM  11-30 


Solid  silver  has  a  heat  capacity  given  by  the  following 
equation : 

Cp( cal  mole“1deg"1)  =  -0.023T  +  2.5(10~3)T2-1.9(10~5)T3 

This  expression  is  valid  for  273  <  T  <.  333°C.  Calculate 
the  change  in  entropy  when  one  mole  of  solid  silver  is 
heated  from  273°C  to  333°C. 


Solution :  Using  the  relation  (8S/3T)p  =  Cp/T  and  integrating, 

AS  can  be  evaluated. 

(3S/3T)p  =  Cp/T 

The  change  (increase)  in  entropy  due  to  the  temperature  rise 
is  60 

^  “  S60°K  “  S0°K  =  (  CPdT 

0 

60 

t 

=  Q-0.023T  +  0.0025T2  -0 . 000019T3 )/T] dT 

0 

=  1.75  eu/mole 

According  to  the  third  law,  the  entropy  @  0°K  is  equal  to 
zero  and  therefore  the  entropy  @  60°K  is  1.75  eu/mole. 


•  PROBLEM  11-31 


Ti  solid  reacts  with  chlorine  gas  by  the  following  re¬ 
action  ; 

Ti(s)  +  2Cl2(g)  - *  TiCl4(l) 

Using  the  following  standard  entropv  data,  calculate  the 
entropy  change  for  the  system  @  298° K. 

Standard  entropy  data  (@  25°C) 

Ti(s)  -  s°  =  7.2  eu/mole 

Cl2(g)  -  S°  =  53.3  eu/mole 

TiCl4(l)  -  S°  =60.4  eu/mole 
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Solution :  The  entropy  change  is  given  by  the  sum  of  the  en¬ 

tropies  of  the  products  minus  the  sum  of  entropies  of  the  reac¬ 
tants.  That  is, 

AS0  ,  .  *  S°  .  .  -  S°  .  . 

reaction  products  reactants 

=  60.4  -  [7.2  +2(53.3)3  =  -53.4  eu 
-t 


•  PROBLEM  11-32 

A  particular  substance  has  the  following  solid,  liquid 
and  gas  heat  capacities:  , 

Solid  (for  T  <  25°K);  Cp  =  0 . 8T  cal  deg-1  mole-1 

From  25qK  *►  250°K  (melting  point); 

Cp  =  0.007T  +  0.0006T2  cal  deg-1  mole-1 
Liquid;  Cp  =  18  +  0.007T  cal  deg"1  mole-1 

Gas  @  1  atm  (above  360°K  which  is  the  boiling  point); 

*  *  "  Cp  ='  15  cal  deg-1  mole-1 

rT. 

The  heat  of  fusion  is  2,000  cal/mole  and  the  heat  of 
vaporization  is  6,850  cal/mole.  Calculate  the  entropy 
@  400° K  and  0.7  atm. 


Solution :  By  using  the  equations 


‘  ,  T  C 

s  -  j  ~y  dT  for  heating  processes  and  S  = 

for  phase  change  processes,  the  final  entropy  can  be  calcula¬ 
ted  by  adding  up  the  individual  step  entropies. 


S(g,  400 qK)  = 


(25  '  t  (250 

J  0 . 8( T/T)dT  +  j  (0.007T  +  0.0006T2)/T  dT 

0  25 
360 

+  2,000/250  +  (  [18  +  0 . 007T] /T)dT  + 


(400 

6,850/360  +  ( 15/T)dT 

■'  J360 
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=  0.8(25)  +  0.007(250  -  25)  +  °  -^06( 250 2-252 ) 

+  8  +  18( In  360  -  In  250)  +  0.007(360  -  250) 
+  19  +  15( In  400  -  In  360)  , 

=  76.05  eu 

This  is  the  entropy  @  400°K  and  1  atm.  In  the  expansion  to 
0.7  atm,  the  entropy  increases  by  R  ln(P1/P2) 

=  1.987  ln( 1/0.7) 

=  0.71  eu  - 

i 

lr 

S(g,  400  °K,  0.7  atm)  =  76.05  +  0.71  pl 

=  76.76  eu 


•  PROBLEM  11-33 


Determine  the  relation  between  the  parameters  a  |  the 
coefficient  of  expansion  =  R 1/V)( 3V/3T)jn  |  , 3  (conn 
pressibility  =  Q(l/V)( 3V/3P)^1 ) ,  and  the  thermal 

pressure  coefficient  |(|£)v)  .  S6  ow  that  according  to 
the  third  law,  the  limiting  value ,of  $  is  unknown  for 
a  pure  solid  as  T  -*  0°K. 


Solution:  Since  V  =  f(P,T), 

dV  =  (3V/3P)T  dP  +  (3V/3T)  dT.'  i 

1  p  ji 

For  changes  at  constant  volume,  this  becomes 

0  =  (9V/3P)t(3P/3T)v  +  (3V/3T)pvor  " 

.  "  1' 

(3P/3T)V  =  -  (3V/3T)p/(3V/3P)T  ... 

i  i 

=  (l/V)(3V/3T)p/-(l/V)(3V/3P)T  ^ 

=  a/8 

From  the  third  law,  lim  (3P/3T)  =  lim  a/6  =0,  which  is 


T  0 


T  0 


in  agreement  with  the  previous  relation,  no  matter  what  the 
value  of  6  is.  .  -  3  -<.V 
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•  PROBLEM  11-34 


The  entropy  values  of  four  molecules  @  25°C  and  760 
mm,  Hg,  in  decreasing  order,  are  as  follows: 


ethylbenzene  (g)  -  AS0 
o-xylene  (g) 
p-xylene  (g) 


ethylbenzene  (1)  -  AS298  =  60 


298  =  86  • 2  eu/rnole 

-  ASggg  =  84.3  eu/mole 

-  A £>298  =  84  -2  eu/mole 
eu/mole 


Explain  theoretically  and  justify  their  order. 


Solution :  Since  all  of  the  molecules  have  identical  mole¬ 

cular  weights,  and  are  at  the  same  temperature  and  pressure, 
the  entropies  can  be  compared  by  comparing  states  of  aggre¬ 
gation  and  symmetries.  The  liquid  has  the  least  entropy 
since  it  is  in  a  more  ordered  state.  Concerning  the  gases, 
p-xylene  is  the  most  symmetrical  (i.e.  the  entropy  is  mi¬ 
nimum),  and  ethylbenzene  (g) is  the  least  symetrical  (i.e. 
the  entropy  is  maximum). 


•  PROBLEM  11-35 

According  to  the  third  law,  AS,  ACp  and  (BAS/9T)p 
approach  zero  as  T  approaches  0°K.  Using  the  fol¬ 
lowing  data,  show  that  this  is  true. 

Data 

Chemical  reaction;  Sn  (gray)  -  Sn  (white) 


Tempertlur*. 

°K 

Sn(gray) 

Sn{  white) 

y 

cF 

S 

eu  mole-1 

cel  deg-1  mol®*1 

eu  mole"1 

1  cel  deg"1  mole”1 

10 

0.12 

0.30 

0.14 

0.49 

20 

0.29 

0.84 

0.86 

J.l 

90 

1.9 

2.7 

2.7 

8.7 

Solution :  From  the  data,  at  10 °K, 

AS  =  0.14  -  0.12  =  0.02  and  ACp  =  0.45  -  0.36  -  0.09* 

at  20 °K  AS  =  0.07  and  ACp  =  0.3.  at  50°  at  50°,  AS  =  0.8,  ACp  =  1.0. 
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Therefore,  it  can  be  seen  that  as  0°  is  approached,  AS  and 
ACp  also  approach  zero. 

The  average  (3AS/3T)p  between  20 °K  and  50 °K  is 
((0.8  -  0 . 07)/( 50  -  20))  =  0.02.  The  average  (3AS/3T)p  bet¬ 
ween  10 °K  and  20°K  is  (0.07  -  0.02)/(20  -  10)  «  0.005. 

Therefore,  it  can  be  seen  that  (3AS/3T)p  approaches  zero 
0°K  is  approached. 


•  PROBLEM  11-36 


If  molecules  of  argon  and  molecules  of  helium 
are  mixed,  calculate  the  probabilities,  WA  and  WH>  of 
the  individual  gases  and  the  probability,  W^,  of  the 
mixture,  and  the  entropy  change  due  to  mixing.  Also 
develop  an  expression  for  the  entropy  change  per  mole 
of  mixture  formed,  if  the  mole  fractions  are  and  X^. 

Assume  that  both  gases  are  ideal  and  that  the  process  takes 
place  at  constant  temperature  and  constant  pressure. 


N  molecules 

H  of  He 

+ 

N  molecules 
of  argon 

- -  - -  ~~ 

N  +  N  molecules 

H  A 

Total  of  Ni 
cells 

Total  of  N2 
cells 

Total  of  Ni  +  N2 
cells 

Solution:  The  following  diagram  describes  the  process. 

The  probability  W,  for  N  indistinguishable  molecules  in  N2 
cells  =  N2NA/na!  =  WA.  Similarly,  W„  -  «/«„!.  These  equa- 

tions  are  valid  since  the  number  of  cells  is  much  greater 
than  the  number  of  molecules.  The  number  of  ways  of  placing 
the  total  number  of  molecules  in  the  total  number  of  cells 

is  equal  to 

(N^  +  NgXNj  +  N2  -  1)(N1  +  N2  -  2  )  ... 

(Nx  +  N2  -  NA  -  NH  +  1)/HA!  nH! 
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This  can  be  approximated  to  r 

(Nx  +  N2)(NA  +  NH)/Na!  Nh! 

Hence,  for  the  gas  mixture, 

'  ,  'WAH  "  <.N1  +  V(N“  +  "V/V  NB‘  • 


The  entropy  change  is 


AS  =  k  in  Wf±nal  -  k  in  Wlnltial  where 
k  =  Boltzmann’s  constant. 


%  i 


AS  =  (k  In  WAR)  -  (k  In  WA  +  k  In  WR) 

*  ■■  „ .  ‘  Tj 

=  k:ln|(N1  +  N2)(NH.+  Na)/Na!  NglJ 


u  S' 


-^IktlnCN^/Njjl)  +;k  ln(N2NA/NA!)|  . 

=  -  k  In  [n^H  N2NA/(N1  +  N2)<NA  +  NH>J 


This  expression  is  modified  to 


AS  =  -  k  In 


n_^  j .  f  ■  n2na  ^ 

\(N1  +  N2)N“/  Uni  +  N2)NAy 


na  n„ 

=  -  k  ln  .(XA  A  xH  H)  k(NA  +  Nh) 


i 


‘  «  _-■ *  na  nh  1/CNa  +  nh) 

In  C’XA  A  Xjj  H  )  A  H 


For  1  mole  of .mixture,  NA  +  NH  =  NQ  (NQ  =  Avogadro’s 


Since  R  =  k  N 


AS  =  -  R  ln(XAXA  XhXH )' 

=  -  R(Xa  in  XA  V  XH  In  X  ) 


number) . 
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•  PROBLEM  11-37 


Calculate  the  most  probable  distribution  and  the  thermo¬ 
dynamic  probability  (ft)  for  a  system  of  eight  molecules 
distributed  among  six  available  energy  levels.  The  total 
system  energy  is  4  ergs  and  the  individual  levels  have 
energies  of  0,  1,  2,  3,  4,  and  5  ergs,  respectfully.  Also 
determine  the  entropy  of  the  system. 


Solution:  In  order  to  illustrate  the  possible  distributions, 
two  conditions  must  be  satisfied.  The  first  is  that  the  sys¬ 
tem's  total  energy  is  equal  to  four  ergs.  The  second  is  that 
the  system  has  eight  molecules.  There  are  five  possible  dis¬ 
tributions  that  comply  with  these  requirements. 


The  symbols  used  will  be  defined  as  follows: 

Energy  levels;  =  0  ergs,  =1,  £2  =  2’  e3  ~  3 >  c4  ~  4’ 
£5  =  5‘ 

Number  of  molecules,  n^;  thermodynamic  probability  =  ft 
Using  these  symbols,  the  criterion  is 

^ni£i  =  4  ergs  =  ®  molecules. 


Each  distribution  has  a  certain  number  of  ways.  This  number 
is  found  by  using  the  following  equation: 

ft  of  ways  =  (Total  ft  of  molecules )  I  /  pTr(n^ !  J1 


The  distribution 
distribution . 

with 

the 

most 

#  of  ways  is 

the  most 

probabL 

The  five  distributions 

for 

the 

problem 

at  hand  are: 

Distribution  e 

0=0  e 

r1 

c2~2 

e3=3 

£4=4 

e5=S 

ft  of 

n0 

ni 

n2 

n3 

n4 

n5 

ways 

(1) 

7 

0 

0 

0 

1 

0 

8 

(2) 

6 

1 

0 

1 

0 

0 

56 

(3) 

6 

0 

2 

0 

0 

0 

28 

(4) 

5 

2 

1 

0 

0 

0 

168 

(5) 

4 

4 

0 

0 

0 

0 

70 
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As  can  be  seen,  the  most  probable  distribution  is  number  4. 
As  an  illustration,  if  distribution  number  one  is  taken, 

■  '  l 

•  ^niei" ~  <7><°>"-+  =  4  er^s 

Zni  =  .7  +  1  =  8  ' 

§  of  ways  =8!/(7!)-(l!)=8 
For  the  system, 

ft  =  E(#  of  ways) 

*  ,  =  8  +  56  +  28  +  168  +  70 

r  5 

..  *  i  * 

=  330 

s  .  .  3 

The  entropy  of  the  system  is, 

S  =  k  lnft(This  is  the  Boltzmann-Planck  rela- 
►  tion  k  =  Boltzmann’s  constant.) 

« ■'  =  1.38(10”16)ln(330) 

=  8.0  x  10-1^  erg/deg 

*  ‘  _1 _i 

=  1.92  x  10  cal  deg 

=  1.92  x  10”16  eu 


SECOND  LAW  ANALYSIS  OF  REACTING 
SYSTEMS 

•  PROBLEM  11-38 

Calculate  the  change  in  entropy  for  liquid  water  @  -5°C 
and  1  atm  to  ice  at  —5  C  and  1  atm.  Use  the  following  data- 

'iCp.for  H20(s)  =  ".9  cal  deg-1  mole-1 

Cp  for  H20(1)  =  18  cal  deg-1  mole”1 

^fusion  ®  0°C-and  1  atm  is  1,440  cal/mole 

Solution :  The  AS  for  each  step  is  calculated  and  the  sum  of 
all  these  terms  gives  the  entropy  change  for  the  process. 

The  entropy  change' is  obtained  by  calculating  the  entropies 
of  the  following  three  steps: 


?28 


It 


(A)  heating  the  H20(1)  from  5°C  -►  0°C 

(B)  phase  transition  H^OCl)  ■+  H20(s)  @  0°C 

(C)  cooling  H20(s)  from  0°C  '*■  -5°C 

;  T  t 


For  step  (A): 

273 


asa  = 


CpdT/T  =  18( In  273/268)  eu  =  0.333 


268 

For  step  (B):  y 

ASB  =  -  Hfusion/T  -  -1.440/273  =  -5.27  eu  . 


AH 


„  .  is  given  for  the  reverse  reaction,  that  is, 

fusion  &  ’  ’ 


H20(s)  H20(1),  hence  the  negative  sign  is  used 


-I 


For  step  (C); 

268 

AS„  = 


qcq  J 

c  =  f  CpdT/T  =  9  in  (fff)  =-0. 
*  273 


166 


AST0T  ~  ASA  +  ASB +  ASC 


=  0.333  +  (-5.27)  +  (-0.166) 

■ 

=  -5.1  eu 


i  »- 


•  PROBLEM  11-39 


Iron  reacts  with  oxygen  at  high  temperatures  (T>910°C) 
with  the  following  reaction; 

Fe(Y)  +  i02(g)  FeO(s) 

Calculate  the  entropy  of  this  reaction  at  1  atm.  pressure 
and  1 , 200  °C .  Use  the  following: data: 

Data 

(A)  reaction  @  25°C  <  T  <  760°C;  Fe(  +  £02(  g)  =  FeO(s) 

(B)  ’ 


reaction  @  T  =  760°C;  Fe(a)1  =  Fe(a)2  (The 

subscripts  1  and  2  refer 
to  the  form  of  solid  me¬ 
ntal  that  is  being  dealt 
‘  \vith.  The  (a)  and  (y) 

also  refer  to  the  form 
of  the  solid  lattice  of 
the  metal). 
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(C) 

reaction  @  760 °C  <T  <  910°C: 

Fe(a)2  +  K>2(g)  =  FeO(s) 

(D) 

reaction  @  T  *  910 °C: 

Fe  (a )2  =  Fe(y) 

(E) 

reaction  @  910°C  <  T: 

Fe(y)  +  i02(g)  =  Fe0(s) 

Standard  entropies: 

S° 

cal  deg  1  mole  1 

Pe(a)1 

6.49 

°2(g) 

49.02 

FeO( s ) 

14.05 

Enthalpies  and  Heat  capacities : 

For  reaction  (A):  ACp  =  3.9  -  4.42  x  10"3T  -  0.47  x  10~5T~2 
(valid  for  temperature  range  25°C  <  T  <  760°C) 

For  reaction  (B):  AH  =  +660  cal/mole 

For  reaction  (C): 

ACp  =  -0.92  +  1.50  x  10~3T  -  0.47  x  105T“2 
(valid  for  temperature  range  760°C  <.  T  <.  910°C) 

For  reaction  (D):  AH  =  +220  cal/mole 

For  reaction  (E):  ACp  =  6.24  -  3.16  x  10~3T  -  0.47 

n.  o 

X  10"T  ^ 

(valid  for  temperature  range  910°C  <l  T  <  1,378°C) 


Solution :  Using  the  equation 


;2  CT 


AS  = 


dT 


in  conjunction  with  Hess's  law  and  the  data  given,  the  entro¬ 
py  of  the  reaction  under  consideration,  (reaction  E)  at  the 
desired  temperature  (1,200°C),  can  be  obtained.  If  reaction 
B  is  subtracted  from  reaction  A,  reaction  C  is  obtained.  If 
reaction  D  is  subtracted  from  C,  the  desired  reaction  (E)  is 
obtained.  Therefore,  all  that  needs  to  be  done  is  to  substract 
the  corresponding  entropies  (of  reaction)  and  account  for 
temperature  change  by  using  the  equation  shown  above  for  AS 
dependence  on  temperature. 
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From  the  standard  entropy  data,  :j  ,  .  <n 

for  reaction  (A  )  @  25 °C,  ■  ■■ 

AS298  =  SFeO(s )  “  SFe(a)1  “  *  S02(g)  r- 
=  -16.95  cal/deg 

The  entropy  change  over  the  temperature  interval  25°C  to 
273°C  is  "  .  j, 


1,033 
AC, 


AS1,033  AS 


o 

298 


* 


.  dT 


AS 


298 

1,033 

1  c» 

.90T"1  -  4.42 

298 

(ix  10 ! 

5Tr3]  dT  ’ 

4;.  85  - 

3.25  -  0.25 

1.35 

i  •- 

AS298 

16.95 

*  J  ' " 

1,033  '  1'35  +  AS" 


=  -15.60  cal/deg 

at  760°C  ( 1 , 033 °K) ,  the  iron  changes  form  from 
FeCa)^  Fe(a>2*  The  entropy  change  is 

IT  =  i^'0^3  =  °'64  C3il  deg_1  mole”1  1 

For  reaction  C  (which,  equals  reactions  A  -  B) 

AS1,033  =  ( ASl,033Jreaction  A  "  ^ AS1 ,033 ^ react ion  B 

=  -15.6  -  0.64 

i  4*  '■  ^  * 

=  -16.24  cal/deg 

< 

at  910  C,  iron  again  changes  form  as  shown  by  reaction  D, 

r  * 

Fe(a)2  =.  Fe( y)  *  ±  . 

The  entropy  change  is  *'■  * 


AS 


1,183 


=  220/1,183  =  0.19  cal/deg  mole  . 
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The  entropy  change  for  reaction  C  at  910p  C  is 

1,183 


AS 


1,183 


-  AS 


,-3r 


®  Q33  =  '  Qo:92  +  1.5  x  10  *"T-0. 47x10 

1,033 


-V2] 


dT 


f  •  =  -0.92  In  +  1.5  x  10“3(1, 183-1, 033) 

0.24  x  10 5  x  ^^X7X83yr  “  (1,033)*) 


+ 

=  0.10 

ASi,183  "  O'1"  ASi!033 
=  -16.24  +0.1 
i;  =  -16.14  cal/deg 


Equation  E  is  found  by  .^subtract  ing  reaction  D  from  C, 

(C)  Fe(a)2  +  §02  =oFeO(s) 

(D)  -  Fe(a)2  =  Fe(y) 


(E)  Fe( Y)  +  i02  =  Fe0(s)  * 

(ASE)1,183°K  =  ^  ASD^1 , 183 

=  -16.19  -  0.19  '  ' 

=  -16.33  cal/deg  ' 


However,  the  temperature  that  AS0  is  needed  is  at  is  1,200° C 
1,473'K. 

1,473 


AS 


0  '  "  /  *  "  f  <ACp) 

0  AqO  —  * 

i.f73.:  i-183..  i,  183 


AC  } 

'reaction  E 


dT 


AS 


,  ti  i 


1,473  AS1 , 183  +  6,24  ln  it TS5 


3.16  x  10"3(1,473  -  1,183)  + 
0.24  x  10s 
=  -16.33  +0.45 


AS 


1,473  ~15'88  cal/deg  ASi>200°C 
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•  PROBLEM  11-40 


The  temperature  of  spontaneous  solidification  for  copper 
is  1 , 120  °K  and  the  melting  point  is  1,356°K.  Calculate 
the  Gibbs  free  -  energy  change  at  the  spontaneous  solidi¬ 
fication  temperature  using  the  following  data. 

Data 

Reaction ; 

Cuo) 

=  Cu,  . 

(s) 

a)0 

=  -3,100  cal  (@  1 , 356 °K) . 

( 

=  -2.09  +  1.5  x  10"3T 

J  1  f 


Solution :  By  using  the  Gibbs-Helmoltz  equation  along  with  the 
given  data  (to  solve  for  the  integration  constant),  the  Gibbs 
free-energy  can  be  calculated.  ^  ... 


The  Gibbs-Helmholtz  equation  is 

_  [  AH0 

T - j  T2" 


dT 


AG^  =  -T 


f  PHn  If 
J  |*-TpT  +  r?  ACpdT 


(The  Ah  with  the  superscript  zero  is  the  enthalpy  at  1  atm, 
while  the  AH  with  the  subscript  zero  is  a  constant) 

i  ■  j  ‘ 

After  substitution  of  ACp, 


-T 

* 

f 

^  -  2  T09  +  0.75  x  10-3] 

-T  I 

\ 

-  2'?9  +  °-75  x  10‘3] 

Ah  +  5 

-3  ? 

1 . 09T  InT  -  0.75  x  10  T 

where  AH0  and  I  are  integration  constants.  H  comes  from  the 
integration  of  the  Kirchoff  equation.  These  constants  can  be 
evaluated  either  by  knowing  AG°  at  two  temperatures  or  AG 
and  Ah0  at  one  temperature.  For  the  problem  at  hand,  the  in¬ 
formation  that  is  given  consists  of  AG  and  AH  at  one  temp¬ 
erature.  ■.  ‘ 
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'  -  i*  f  *  -  at  the  melting  point, 

AH0  =  -3,100  cal 

and  '  AG°  =  6  (since  at  the  melting  point,  it 

is  an  equilibrium  process).. 


By  using  the  equation 


AH 


1,356 


=  -AH.  + 


1  C„dT f  AH  can  be  calculated. 
J  P  o 


AHi,356  "  -3’100  ■  4H.  + 


(-2.09  +  1.50  x  10  3T)  dt 

T  i  *  t 


=  AH  -  2.09  x  1,356  +  0.75  x  10”3( 1 , 356 )2 
o 


AH  =  -1,650  cal 
o  * 

i!' 

Substituting  this  value  into  the  expression  obtained  earli¬ 
er  for  AG^, 

AG,£  =  -1,650  +  2 . 09TlnT  -  0.75  x  10"3T 2 +  IT  (cal/mole) 

i  *'  ' 

1  ‘  I  ¥  * 

Since  AG°  35g  =0,  T  =  1,356°K 

0  =  -1,650  +  2.09(1, 356 ) ln( 1 , 356 )  -  0.75  x  10~3(1,356)2 
+  1(1,356) 

.  ij.  ,  j*. 

I  =  -12.85 

«  '  ■»  •  —32 

AG,^  =  -1,650  +  2 . 09TlnT  -  0 . 75  x  10  T  -  12 . 85T 

'  -  j  *  ■  (cal/mole) 

@  1,120°K  \ 

AG^  13q  =  -540  cal/mole 
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Copper  normally  solidifies  at  a  temperature  of  1356° K, 
but  can  exist  in  the  super-cooled  liquid  form  up  to  a 
temperature  of  1120°K, after  which  it  starts  solidifying 
spontaneously.  Determine  the  entropy  change  for  the 
solidification  of  copper  at  its  temperature  of  sponta¬ 
neous  solidification  (1120°K).  Use  the  following  data 
to  solve  the  problem: 


Data  for  Cu(l) 


Cu(s) 


C  =  7.50  cal  deg  1  mole~* 

P  Cu ( 1 ) 

C  =  5.4l'  +  1.50  x  10 1,  3T  cal  deg~*  mole”^ 

LU  ^  S  ) 


AH  =  -3100  cal 


Solution :  Using  the  equation 


Cr> 

=  dT 

J  T 


the  entropy  at  the  desired  temperature  can  be  calculated. 
However,  the  entropy  change  at  one  temperature  should  be 
known.  At  the  melting  point, 


AH0  -3100 


=  -2.28  cal  deg  mole 


From  the  data  ^ .  j 

AC  =  CrWv-Crw,x  =  -2.09  +  1.5  x  10"3T  cal  deg-1 
p  pCu(s)  pCu( 1)  0  .  & 

mole-'!' 

The  change  in  the  entropy  of  reaction  between  1120°K  and 
1356°K  is  given  by 


^1120  ^1356 


xi 

•  I 

1356 


09inT  +  1.5  x  10’JT 


=  -2 . 09 In  j|||  +  1.5  x. 10"3  (1120  -  1356) 


=  0.046  cal  deg  1  mole-^ 
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AS ° 120  =  -2.28  +  0.046 

*  -1  ~1 

-  -2.23  cal  deg  mole  - 

..••••!  :  "  i 

a " 

•  PROBLEM  11-42 


Calculate  the  entropy  change  for 

(a)  H20  (s,  -20°C ,  1  atm)  — -T  H2o'(s,  0°C,  1  atm) 

(b)  H20  (s,  -20°C,  1  atm)  - >  H20  (1,  20°C,  1  atm) 

■  f  .  _i  _ i 

Assume  Cp(H20,  1  )’=  18  cal  deg  mole  ,  Cp(H20,  s) 

=  9  cal  deg-1mole_1  and  AHfUSjon  =  1440  cal  deg-1mole  \ 
and  also  that  the  heat  capacities  are  independent  of 
temperature. 

* 

Solution :  Since  C  is  not  a  function  of  temperature,  AS  is 

given  by  ^ 

Cp  j  f  dT 

•  -V 

•  *  -  -  *  T2 

(a)  AS  =  Cp  J  ^  =  Cpln(T2/T1) 

-v(iS) 

■  \ 

AS  =  0.68  eu/mole 

(b)  AS  =  AS1  (for  heating  H20(s )  From  -20°C  to  0°C) 

+  ASg  (for  melting  @  0°C) 

+  AS3  (for  heating  H20(1)  from  0°C  to  +20°C) 

AS1  =  9  In  (273/253)  «  0.68  ^ 

AS  2  =AH/T  =  1440/273  =  5.27 
AS3  *  18  In  (293/273)  =1.27 
AS  =  0.68  +  5.27  +*  1.27  =  7.22  eu 
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The  3  individual  entropies  must  be  determined  separately, 
since  *  F  .  t 


293 

' 


253 


■  !b.  ■  ;?“ 

C  dT/T  cannot  be  found  directly  due  to  the 

h*  .'I/,,.*  ..  -L%. 


presence  of  both  sensible  and  latent  heat.  , 

fl 

*  ..  .1  r,-  , 


•  PROBLEM  11-43 


Methane  reacts  with  water 

vapor  at 

25°  C  by  the  fol- 

lowing  reaction  : 

CH4(g)  +  HpO(g)  - > 

C0(g);  + 

3H2(g) 

Using  the  following  data, 

|l 

calculate  the  standard 

Gibbs  free-energy 

change 

for  this 

reaction .  ^ 

‘  ~  '*  ♦ 

tf  .  <• 

Data 

^298 

~  *■  _  i  ii 

(kcal  mole  ) 

.j  Q  '  _  1  _  1 

S 29 8^Ca^  cieg  moie  ) 

CH4(g) 

-17.89 

ii 

44 . 5 

CO(g) 

-26.40 

47.3  : 

-  <• 

'  4-  ' 

;.  f  ■ 

H2(g)  -uf  - 

....  o. 

■w ■ 

j.  *  ? 31.2.1 

'  V 

k  ■ 

.  r 

:■  4 

H20(g) 

.  -5.7 . 80 

L 

45.1  : 

Solution :  The  standard  Gibbs  free-energy  can  be  obtained 

from  the  defining  relation, 

=  AH5'  -  TAS°  ** 

=  <AH£0  +  SAH^)  -  (AH^4  +  AH^0) 

=  (-26.40)  +  (0)  -  (-17.89)  -  (-57.80) 

i  ..  ,  *  • 

;!  ** 

=  49.29  kcal/mole 

r  *  ..  .  •  .  ...  L  •  <  I  I  „  .  /  f  x  ♦?. 

-  <s<?o  +  3Sh2)  -  <sch4  +  sh2o>"' 

i!  -  " 

=  (47.3)  +  (3x31.2)  -  (44  ”5)  -  (45.1) 

i 

_  1  ,  -1 

-  51.3,  cal  deg^  mole  ^  ,  ¥  j 
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*  ’  •  s  M  ^298  *  49 , 290  -  51.3T  :  u ''  ‘  *  * 

=  49,290  -  15,280 

34  I  ■  :  ••  ^  ■  41  *  v- 

=  34  kcal/mole 

A  spontaneous  reaction  is  always  accompanied  by  a  decrease  in 
free  energy.  But  since  the  standard  free  energy  change  is 
positive,  the  reaction  will  not  proceed  as  indicated  at  this 
temperature.  Therefore  at  25°C,  hydrogen  and  CO  will  react 
to  form  CH^  +  HgO. 


•  PROBLEM  11-44 


Determine  the  latent  heat  of  vaporization  of  liquid 
carbon  tetrachloride  at  its  boiling  point  of  350°K. 
The  vapor  pressure  of  CCl^  is  a  function  of  temper¬ 
ature  and  is  given  by:  .  . 

gp  =  „  -  2 , 400T-  1  *  -  5 . 30 j,  logT  +  23.60 

it  *  *  *  ► 

(P  =  mmHg).  Assume  ideal  gas  behavior. 


Solution:  For  the  vaporization  of  a  liquid,  the  volume  of 
the  liquid  is  negligible  compared  to  that  of  the  vapor. 
Therefore  the  volume  change  closely  approximates  the  volume 
of  the  vapor . .  Since  the  gas  behaves  ideally,  * 

RT 

AV  ■  Vr=  — p— ■  .  -Then  the  dapeyron  equation  to  calculate  AH.  : 
dT  _  TAV 

1  '  1  ‘  dP  AH  ‘ •*  J 

? ... 

dP  _  AH  _  PAH 
dT  TAV  RT* 


dlnP  _;.,AH 
dT  RT2 


dlogP 

dT 


-t  *  i 

H 

4.575T2 


This  is  one  form  of  the  Clausius-Clapeyron  equation. 
For  the  given  problem,  *■  4  '  -  .= 

TT62  “  2.400T-2  -  |-|§3  T-';  ,  deg’1 


AH  =  4.575T2  (2,400T"2  -  2.3T"‘ ) 
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@  350°K,  .  I 

AH  =  7,300  cal /mole  ii! 


_  •  PROBLEM  11-45 

Derive  an  expression  for  the  temperature  dependence 
on  pressure.  Also,  determine  the  melting  point  of 
sodium  5  atm  using  the  following  data; 

Data  for  sodium 

mol  wt  =  23  g/mole 

when  P  =  1  atm, melting  point  -  371° K 

S  .  I: 

AHfusion  =  630  cal/mole 

Increase  in  specific  volume  due  to  melting 
process  =  0.0279  cc/g  '  % 


%  J-  K  '  '  '  ji', 

Solution:  The  equation  that  describes  the  effect  of  pressure 

on  a  phase  change  in  a  one-component  system  is  the  Clapeyron 
equation.  The  derivation  applied  to  the  fusion  reaction  is 
as  follows .  "  t 

at  equilibrium. 

G(s)  =  G(l) 


At  equilibrium,  AS  =AH/T 

.*.  dT  '  TAV 
dP  AH 


This  is  the  expression  for  temperature  dependence  on  pressure 
for  systems  at  equilibrium.  _  ^ 
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For  the  case  of  sodium  melting  @  1  atm, 

”  -  62°3  ' 

T  *  371°  K 

AV  =  0.0279  cc/g 

'  ■  Cm,  1 

dT*  371  x  0.0279  _  „  .  . 


dP  27.4  - 

1  cal  =  41.293  cc  atm’ 


=  0.378  deg  cc  cal 


§  -  0.378  (deg  cc  cal'1)  •  ^3  ce  atm  ( 

=  0.00915  deg  atm-1 

-f  •  +  .1 1  ' 

Assuming  this  value  is  constant  (not  pressure  dependent),  for 
5  atm 

^  IK  ' 

the  increase  in  temperature  =  (0.00915  deg  atm  1)  x  5  atm 

r  =  0.04575 -deg  ” 

.  ’  '  V  fc  -  t  ■  r 

The  melting  point 'increases  by  only  0.04575  deg1 when 
the  pressure  is  5  atm. 

T  melt  @  5  atm  =  371.04575°K  V  1 


•  PROBLEM  11-46 


Ammonia  is  produced  by  the  following  reaction: 

3H2  +  N2  - A  2NH3  •  - 

Determine  the  standard  heat  .for  the  above  reaction  at  *a. 
tempurature  of  500°C,  using  the  following  data. 

AH  . .  @  25°C  is  equal  to  -22.08  kcal 

reaction 


a 

8 

Y 

6.086 

8.812  10~3 

-1.506  10_G 

6.524  , 

1.250  lo"3^ 

-0.001  10-6 

6.947 

=0.200  10-3. 

■ .0.481  10~6 
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Solution:  Using  the  data  and  the  following  equation  , 

AH£  =  AHq  +  AaT  +  -^  T2  +  -^  T3 

.  ■'  :ii' 

the  change  in  enthalpy  at  the  desired  temperature  can  be  cal 
culated.  ••  '  •  '  ‘  J  i 


From  the  reaction  stoichiometry, 


Aa  = 


“products  “reactants 


A3  = 


=  2(6.086)  -  6.524  -  3(6.947)  =  -15.193 

I 


2(8. 812x10"’ 3  )  -  3( -0.2x10' 3  )  -  (1.25x10  3  ) 


=  1.6974  x  10 


_  2 


Ay  = 


2(-l. 506x10  6)  -  (-0 . OOlxlO”6)  -  3(0.481x10  *) 


=  4.454  x  10 


_  6 


AH°  =  AHQ  -  15.193T  +  t2-  4-45^x10 — _  Ta 

=  AHq  -  15.193T  +  8.487  x  10"3T2  -  1.48  x  10"6T3 


From  the  data  given,  it  is  known  that  H25°C  =  “^2.08  kcal 

=-22,080  cal 

i  ■  '■  *  .  ■  4  ■  i  ). 


-22,080  =  AHQ  -  15.193(298)  +  8.487  x  10  3(298)2- 
1.48  x  10“ 6 (298) 3 


AHQ  =  -18,267  cal 


The  standard  heat  of  reaction  @  500°C  is 
AH773°K  =  "iS.297  "  15.193(773)  +  8.487  x  10  3 (773) 2  - 


1.48  x  10  6 (773 ) 3 


a* 


=  -25,570  cal 


?41 


An  important  variable  that  has  to  be  taken  into  ac¬ 
count  in  rocket  design  is  the  coefficient  of  discharge 
This ''coefficient  is  given  by  the  following  equation: 


r  =  ^_2_Vk+1)/8(k'l>  Awmol  wt)  V’  '  ^  • 

D  \k+1/  *T  ccmbustion  / 

where  k  is  a  function  of  the  particular  fuel  being*1 
used. 

Calculate  "the  mass  rate  of ^discharge  and  the  engine 
operating  time  if  a  particular  fuel  is  used  in  a 
rocket  engine  operating  at  a  chamber  pressure  of  1500 
psia  and  a  throat  cross-sectional  :area  of  2  in2.  Use 
the  following  fuel  data  to  solve  the 'problem.  ::  * 

,  .  Data.  *. 

,  v  I  '  t  -V  y  k 

Total  fuel  wt  =  25  lbm  * 


R  =  48  lbf2  sec  /lbm,  lb  mole°R 


k  =  0.9 


mol  wt  of  fuel  =r20.'6 
combustion  ^temperature  =  6750°R  .* 


Solution:  Once  is  calculated,  the  mass  rate  of  flow  and 

burning  time  can  be  calculated.  -  -  -  '  *■  '  ' 


; .  m(1- 

'D  \1.9 1 


2^(1*  9/ 2 (  °‘1  )  )  f 0.9(20.6) 
.9/  ’  148(6750) 


CD  =  4.65  x  10  lbm/ lb f  sec  ;'s'  .  „  ? 

The  mass  rate  of  flow  of  gases  is  given  by 

mrf  =  Cn  (cross  sectional  area ) (chamber  pressure) 


mrf  =  (4.65  x  10~  )(2)(1500) 

*  :  *  <  -  v 

=  13.95  lb  /sec 

m'  .  .» 

-  ’  -  •  /  *■  -  .>  " 

The  combustion  duration  of  the  fuel  is  given  by 
251b  ■*'  ' 

t  =  13.95  =  1,792  sec 
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CHEMICAL  EQUILIBRIUM 


•  PROBLEM  H-48 


The  effect  of  inert  gas  on  equilibrium  composition  can 
be  determined  by  the  computation  of  the  mixture  compo- 
S;  Calculate  the  composition  of  the  mixture  at 
*3,000  K  and  1  atm  pressure,  for  a  mixture  initially  com¬ 
posed  of  0.5  mol  of  carbon  monoxide  and  2.38  mol  of  air. 


Solution:  The  chemical  equation  for  the  ideal-gas  reaction 
is : 

0.5CO  +  0.502  +  1.88N2  - ^  xCO  +  yC>2  +  zC02  +  1.88N2 


From  the  carbon  and  oxygen  balances,  z  *  0.5  -  x  and 
„_1.5-2z-x_0.5+x  /t_ 

y  -  - 2 -  “  - 2 -  (where  x  is  the  number  of  moles 

of  CO  at  equilibrium). 


Total  number  of  moles  of  mixture  at  equilibrium  is 

NT  -  x  +  y  +  z  +  1. 88  =  x  +  0 . 5  -  x  +  +  1.88  =  ~~+^  ‘ 26 


The  equilibrium  constant  is  not  dependent  on  the  amount  ini¬ 
tially  added,  but  only  on  the  stoichiometry  of  the  chemical 
reaction  written  with  no  excess  species.  The  equation  that 
describes  the  combustion  of  carbon  monoxide  is  as  follows: 

CO  +  £02  +  £(3.76)N2  - *  C02  +  £(3.76)N2 

Kp  =  pco2/pco  P02  * 

(N2  is  inert ,  therefore ,  it  does  not  show  in  the  K  equation) 
At  3,000°K  and  1  atm  pressure,  =  3.06. 


Therefore,  for  the  given  problem. 


>  =  x  P  =  —  P  = 

C02  XC02T  Nt  t 


PCO  xC0PT  PT 


P^  =Xp=_y_p=  (0*5  +  x)/2 
°o  0oPt  N  PT  7x  +  S.26\  P| 


(K^26) 
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The  expression  for  Kp  is: 

((0.5-x)/Nt)pt 

P  CPt;(x/Nt)  ((0'-2+-X) /WT)  *  PT* 

__  (0.5-x/X-+25-26)* 

Kp‘^hjF^r- 

K  =  (0.5  -  x ) ( x  +  5.26)*  =  3 . 06x( 0 . 5  +  x)* 

By  trial  and  error,  a  solution  can  be  found.  The  answer  ob 
tained  by  this  raetho$  is  x  =  0.24  mol  of  CO  at  the  equili¬ 
brium  state  of  3,000  K  and  1  atm  pressure.  It  is  apparent 
that  the  pressure  of  the  system  and  the  presence  of  inert 
gases  must  be  taken  into  account  when  the  equilibrium  compo 
sition  of  a  reacting  ideal-gas  mixture  at  a  given  tempera¬ 
ture  is  evaluated. 


•  PROBLEM  11-49 

For  the  reaction 

CH4  +  20 2  +  7.56N2*~ **  (a)C02  +  (1  -  a)C0  +  2(c)H20 

+  2(1  -  c)H2  +  -  £a  -  c)02 

+  7.56N2 

calculate  the  maximum  combustion  temperature  of  methane 
when  the  initial  temperature  is  21.1^C  and  the  initial  j 
pressure  is  1  atm.  Assume  the  process  is  carried  out  at 
constant  volume.  Use  variable  specific  heat  with 
chemical  equilibrium  to  solve  the  problem.  Use  the 
following  data. 

enthalpies  @  21.1°C 

HCH  =  345 * 848  Btu/lb  mole 

4  \ 

Hcq  =  121,188  Btu/lb  mole 

Hh  =  102,465  Btu/lb  mole 

2 


Solution;  From  the  equilibrium  constant  and  the  energy  bal¬ 
ance  using  a  trial  and  error  method,  the  maximum  combus¬ 
tion  temperature  can  be  determined. 
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INTERNAL  ENERGIES 


530"R 

4680° R 

4740°  R 

4800° R 

CO 

2915.8 

49950.7 

50721.4 

51492.7 

CO 

2628.3 

28280.7 

/  28691.0 

29101.7 

H  0 

3149.7 

39863.9 

40522.7 

41183.3 

H 

2539.6 

26167.3 

26563.7 

26961.2 

0 

2623.6 

29793.0 

30234.3 

30676.4 

N 

2628.3 

27971.7 

28379.3 

28787.4 

*.*■ 


Moles  of  reactants  - 
Moles  of  products  r  = 


1  +  2  +  7.56  =  10.56  =  Nr 
a  +  (1  -  a)  +  2c  +  2(1  -  c) 
+  (3/2  -  a/2  -  c)  +  7.56 
a  +  1  -  a  +  2c  +  2  —  2c 
+  3/2  -  a/2  -  c  +  7.56 
4.5  -  a/2  -  c  +  7.56 
12.06  -  a/2  -  c  =  Np 


The  maximum  temperature  corresponds  to  the  equilibrium  temp 
erature.  Since  Np,  a,  c  and  T  (T  -  max.  temp.)  are  unknown 
three  more  equations  must  be  written.  ^ 


For  the  CO  reaction,  CO  +  £02—*'C02, 

,  the  second  equation. 


(pC02* 


'C0  ’  <Pco)(p02)4  ; 


For  the  C02 ,  H2  reaction,  called  the  water  gas  reaction, 

co2  +  h2--*h2o  +  CO, 

(  Pjj  q  )  (  Pqo  ^  .  *•  i(.; 

Kwg  =  (PCo  )fpH~T  ’  the  third  equation' 
r  2  2 


Taking  p  as  the  total  pressure  at  equilibrium  and  noting 
that  at  the  beginning  of  combustion  p-jV  =  Nj^RT^  and  at  the 

end  of  combustion  pV' =  NpRT, 
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Now  the  energy  balance  must  be  used.  The  energy  given  off 
by  combustion  is  equal  to  the  energy  absorbed  by  the  prod¬ 
ucts.  Therefore,  the  fourth  necessary  equation  is 

ZNp(Up  final  "  Up  initial ^  =  HCH4  “  NCOHCO  "  NH2HH2 * 

This  equation  is  based  upon  combustion  taking  place  at  tne 
initial  conditions ;u  the  products  absorb  the  energy  libera¬ 
ted,  causing  their  temperature ’ to  increase  from  the  initial 
to  the  final  temperature,  which  is  the  maximum, temperature 
of  combustion. 
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The  equilibrium  energy  and  the  number  of  moles  present  de¬ 
pend  on  the  temperature.  However,  there  are  four  equations 
and  four  unknowns  (N  ,  a,.,  c.  and  T).  Hence,  they  can;  be  eva¬ 
luated.  p 


From  the  combustion  equation 

CH4  +  202  +  7 . 56N2— ►  aC02  +  (1  -  a)CO 


2cH20  +  2(1  -  c)H2  +  (I'f  -  c)°2  +  7.56N2 


the  energy  equation  can  be  written, 

a(u“2  -  u“2)  +  (1  -  a ) ( Ug0  -  u“Y+  2c(U22°  -  u”2°) 

+  2(1  -  c)(u”2  -  uj2)  +  (|  -  §  -  cj(U°2  -  U°2) 


+  7.56(u”2  -  u”2)  =  H 


CH, 


-  (1  -  a)HC0  -  2(1  -  c )Hj 


or 


4*  i 


a(u“2  -  U2°2)  +  (1  -  a)(u“-  Uf)  +  2c(D®2°  -  u“2°) 
+  2(1  -  OKU®2  -  U«2)  +  (|  -  f  -  c)<u22  "  Ul2) 


+  7.56u£2  =  H  -  Hco  -  2H  ♦  aHc0  +  acH„  ^7.56dJ2. 

•is*.  .  *  •  V 

*-V 

From  the  data  given,  all  quantities  on  the  right  hand  side 
of  the  equation  are  known.  * 

f.  »  -  Hr, 

..  f  -  “•  < 

the  equation  becomes  . 

7.56U22  =  39,600  +  (a)121,188  +  (c)204,930 


From  the  internal  energy  table,  substitutions  can  be 
for  the  energy  differences  in  the  energy  equation. 


7^7 


made 


At  4680°R  ,„•*  «•-  •  q  t  *  i  t\r 

'  ’J  T  ■  „  .  -  1  ?  k  : 

a(47,034.9)  +  (1\-  a)25, 652.4  +  (2c)36,714.2 

+  2(1  -  c >23 , 627 . 7  +  £(3  -  a  -  2c)27,169.4 
+  7.56(27,971.7)  .  -  j. 

=  7,707.8a  +  325 , 661 . 9  -  996 . 4c  '  "  ' 

=  39.600  +  121,188a  +  204,930c 

+  205,926.4c  =  -286,061.9  +  113,390.3a 
Thus  c  =  1.394  -  0.553a  ( =  m  -  na) 


-  < 


At  4740  R 


a(  47 , 805 .  6  ) ,;  +  (1  -  .  a)26 , 062 . 7  +  .  (  2c)37 , 373 . 0 

\  .  -  4  4  .  ‘  -S'  -  f  -  *  •?  t  ,  ■  :  .... 

+  2(1  -  c)24, 024.1  +  (|  -  |  -  c^27 , 610 . 7 
+  7.56  x  28,379.3  , 

7,937.6a  +  329,526.8  -  912.9c 
=  39,600  +  121,188a  +  204,930c 

+  205,842.9c  =  -289,926.8  +  113,240.4a 


c  =  1.410  -  0.552a  ( =  m  -  na) 


r 


At  4800°R 

•  »  1  •  '  r  *  X  '  ...'  1  f.  ,  ’  v" 

a(48 , 576 . 9  )  +  (1  -  a)26,473.4  +  (2c)38,033.6 

+  2(1  -  c )24 , 421 . 6 
'+  7.56  x  28 , 787 . 4 
=  8077.1a  +  334,395.8  -  828.8c  =  39,600  +  121,188a 


+  204,930c  -  205,758.8c  =  -294,795.8  +  113,110.9 

r  :  *  •  x  '  : '  ■  *  •  ■ 

c  -  1.438  -  0.551a(=  ra  -  na) 


_  c(l  -  a) 
a( 1  -  c) 


where  c  =' m  -  n a  above 
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Then 


Kwga  "  ^KWg  "  1)a(m  -  na)  -  m  +  na  =  0 


K„  a  -  K  ma  +  K  a2n  + 
wg  wg  wg 

am  -  "na2  m  +  na  =  0  ‘  T** ' 

.  t 

or 

n(Kwg  "  Da2  +  (n  +  m  - 

-  K  (m 
wg\. 

-  7-*  <-  0 

At 

4680 °H,  K  =  6.214 

(  •••  -  “  «  t  l  y 

wg 

’itVO.' 

At 

4740 °R,  K  =6.283 

wg 

.  # 

At 

4800 °R  K  =6.351 

«  ■  / 

p  . 

’  wg 

At 

4680 °R 

0. 

553(6.214  -  l)a2  +  [Q.553  +  1.394  - 

6.214(1.394  -  1)] a  -  1.394  = 

2.88a2  -  0.493a  = 

1.394 

~  '  *  es  • 

a2  -  0.171a  = 

0 . 484 , 

•  ‘  -  • :  •  &  *■  * 

(a  -  0 . 0855) 2= 

0.491 

.  t  Vi  !k  l>  .  *  *  .  •’ 

a  -  0.0855  =. 

±0 . 702 

,  a  ?:= 

0 . 787, 

f\  *'  -II 

jj. 

^  *  ; 

;  *■  *  f  t' 

J*  ' 

* 

c  = 

1 . 394 

-0.553  x  0.787 

«  *  ,  = 

4r 

0.959 

.1  ^  •  f  '  ' 

At  4740  R 

0.552  x  6 . 283a2+  (0.552  +  1.410  ^  6.283  x  0'.41)a  -  1.410 

X  ■  ”  vi  '  ' 

2.91a2  -  0.608a  =  1.410 


■C-* 


t  ’"<■ 


a2  -  0.209a  =  0.485 

S;s  ‘ 

(a. -  0.104) 2  =  0.496  s 

t.A.  \ 

a  ;  -  0..  104  *  *  ±0.705 
a  =  0.809 

c’  =1.410  -  0.552  x  0.809 
V)  =  0.964 


7^9 


At  4800  R  ~  ;  U  ,  -  * 

^  ,, 

0.551 x  6.351a2  +^(0.551  +  1.438  -  6.351 x  0.438 )a  -  1.438  =  0 

V  *•  K  ■  * 

2.94a2-  0.791a  =  1.438 
L  a2-  0 .269*a  =  0.487  "  '  ‘  - 

(a  -  0 . 134 )2  =  0.505 
a  -  0.134  =  ±0.711 

a  =  0.845 

c  =  1.438  -  0.551  x  0.845  ^ 

=  0.973 

For  the  CO  reaction 

t 


K 


COT 


_  71 

1  -  a  yi^T 


where  NR  =  moles  of  original  mixture  and  eQ*  =  moles  of  0, 


at  equilibrium  conditions.  * 


t-  „ 


+  %  ”  2  Pi 


where 


‘  S°2  (|-2-'c)' 


»  i 


Values  of  KCQ  T  from  tables:  at*  4680 °R  =15.95  and 


log1()K  =  1.2027 


-at  4740  R  =  13.65  and 


1Og10K  =  i-135* 


at  4800 °R  •=  11.48  and 

r  , 


log1QK  =  1.0599 
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These  values  were  determined  with  the  pressure  being  ex¬ 
pressed  in  atmospheres.  The  left  side  of  the  equation  be¬ 
comes  :  > 

C.  \  ,  !•  * 

at  4680°R,  1.2027*+  £  log  4680  =  3.0378 

•  '  •  o  ■'  t  ? 

at  4740  R,  1.1351  +  |  log  4740,=  2.9730  ^ 
at  4800°R,  1.0599  +*Vlog  4800  =  2.9005 


The  right  side  of  the  equation  can  be  evaluated  from  the 
values  of  a  and  c  determined  from  the  energy  and  the  water 
gas  equations.  The  constant  terms  are  £  log  NR  +  j  log  T^ 

-  £  log  p-  =  |  log  10.56  +  \  log. 530  -  £  log  1  =  1.8739. 

x  *  ,  .  + 

-  „  4  •  .  i  ■  r  '-y  * 

t  •  «  -  r-  .  • 

The  right  side  of  the  equation  becomes  •  &  j 

V  •  ,-i  y#  .$•*  •  \+  •  •  ij  ’  # 

/  ^ 
a 


log 


1  -  a 


-  1  log 


(I  -  3  -  «) 


+  1.8739. 


At  4680  C 


log 


0.787 


1,  -  0.787 


-  \  log  f|  - '°-287|~  °-959]  *  1-8739 
=  log  3.694  -  i  log  0.248  +•  1.8739 

■\  *  '-A  -it  "  **.-5 


=  0.5675  +  0 . 3027  +  1 . 8739  ’ 

=  2.7441  ■;%  "*•  V 


At  4740  R 


(r# 


%  **■ 


4 


log 


0.809 


1  -  0.809 


Z  !°g 


(3.2^  0.964) 


+  1.8739 

4 


=  log  4.235  -  ±  log  0.132  +  1.8739 
=  0.6268  +  0.4397  +  1.8739  $■ 


=  2.9404 


% 


At  4800  R 


0.845 

log  r  1-  O’.  843 


& 


*  *>• 


z  loe 


-  0 i 973  1  +  1.8739 


(3  0. 

V2  "  . 

=  log  5.45  -  ^  log  0.106  +  1 . 8739 


845 

~2 

1 


■) 


=  0.7364  +  0.4894  +  1.873,9  , 

>v+  1  " 

=  3.0997  5  f 
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Interpolation  or  plotting  can  be  used  for  the  temperature  de¬ 
termination.  Plotting  gives  : 

From  the  plotting,  T  is  found  to  be  4747°R,  which  is  a  much 
lower  temperature  than  that  indicated  by  a  constant  specific 
heat.  The  value  of  ae,  is  0.966  and  the  value  of  ce, is  0.814. 
The  combustion  equation  becomes:  CH^  +  202  +  7.56N2  - 

0.966C02  +  0.034C0  +  1.628H20  +  0.372H2  +  0.203C>2  +  7 . 56N2 . 


•  PROBLEM  11-50 


Calculate  the  equilibrium  mixture  of  the  carbon  monoxide 
combustion  reaction  at  2504°C  and  1  atm  pressure. 

Assume  that  the  CO  reacts  with  a  stoichiometric  amount 
of  air  and  that  K  for  the  reaction  is  equal  to  49.365. 

.H 


Solution:  The  complete  reaction  equation  is: 

2 CO  +  02  +  3.77N2  - *  2C02  +  3.77N2 


If  y  stands  for  the  fraction  of  the  carbon  which  is  in  CO 
under  equilibrium  conditions,  then  the  equilibrium  mixture 
is  composed  of:  2y  moles  of  CO,  (2-2y)  moles  of  C02,  y  moles 
of  02:  and  3. 77  moles  of  N2.  Therefore,  the  total  number  of 
moles  isNp=2y  +  2-  2y  +  y  +  3.77  -  5.77  +  y.  The  partial 
pressures  of  the  four  reacting  species  are: 


P  =  x  P 
CO  CO  T 


2y 

5.77+y 


P 


T 


pco2  xco2pt 


2-2y 

5.77+y 


P 


T 


x°2PT 


_ 1 _ p 

5.77+y  T 


xn2pt 


3.77 

5.77+y 


P 


T 


using  the  equation  PA  =  x±  pTOTAl* 


Substituting  these  equalities  into  the  Kp  equation, 


KP  -  (PCO  >2/<PC0>2P0„  -  L1--£)2(5-77+y)  -  49.3647. 


y  P, 


?52 


Assuming  that  P  =  1  atm,  this  equation  can  be  solved  to  at¬ 
tain  a  value  for  y,  using  a  trail  and  error  method.  The  an¬ 
swer  obtained  is  y  =  0.368.  Therefore,  the  mole  fractions 
are 


JJL 


CO  5 . 77+y 


*  0.120 


XC02  “  5 .77+y  0<206 


x 


Nr 


_ I _ 

5. 77+y 

.  * 

3.77 
5. 77+y 


=  0.060  * 

=  0.614 


The  actual  number  of  moles  of  each  species  can  be  calculated 
also. 

moles  CO  =  2y  =  0.736  *  ' 

moles  C0o  =  2-2y  =  1.264 

.  .  Ct  *■  fc-  v  ‘ 

moles  02  =  y  =  0.368:  and  moles  N2  =  3.77 


The  presence  of  N2  will  affect  the  extent  of  reaction  but  does 
not  change  the  equilibrium  constant.  Excess  oxygen  causes  the 
reaction  to  go  further  toward  completion,  but  this  excess  will 
not  affect  the  equilibrium  constant  since  the  equilibrium  con¬ 
stant  is  independent  of  the  amounts  of  reacting  species  that 
are  actually  present. 


•  PROBLEM  ll-5i 

If  KP  for  H2(g)  +  I2(g)  - - “  2HI<e)  at  25°  C  is  870,  then 

assuming  no  solid  iodine  forms,  calculate  the  number  of 
moles  of  the  following  at  equilibrium. 

(a)  HI  formed  when  H2  =  0.5  moles  and  I2  =  0.5  moles 

(b)  I2  formed  when  Hg  =  0.5  moles  and  HI  =  1.5  moles. 

ti  i  ■■  - 

Solution :  (a)  If  x  is  the  number  of  moles  of  H2  (which  is 

equal  to  the  number  of  moles  of  I2)  consumed  in^the  . reaction , 
the  following  table  can  be  constructed.  \ 


753 


L  • 


Initial 

Consumed 

Created 

Final 


x 


0.5  -  x 


-  V  ■ 

-  HI 

■■  f 

’  0.5  . 

0 

moles 

X 

- 

moles 

i  t 

t  -  2x 

moles 

0.5  -  x 

2x 

moles 

,  v/ 


Using  the  equilibrium  constant, 


870  =  K  =  K 
P  n 

K  =  (HI)2 

n  (H2)(I2) 


(since  An  =  0) 


(2x) 


(0.5  -  x) 


v  =  870 


Taking  the  square  root  of  both  sides, 

2x  =  14.75  -  29. 5x 

*  l  * 

x  =  0.468  (The  other  root  is  x  =  0.536  which 
is  invalid  since  it  implies  that  more  H2  and  I 2  disappears 

than  was  present  initially.  Therefore,  this  root  is  dis¬ 
carded)  . 

Therefore , 

,  "  h  2(0.468)  —  0.936  moles  of  HI  are  formed 

■**--  .  t 

.  I  .  ’  i  !  1  '  =  7  t 


(b)  If  x  =  the  number  of  moles  of  I2  formed,  the  following 
table  can  be  constructed. 


Initial 

Consumed 

Created 

% 

Final 


H2 

0-5 

■  !* 

Jr  ■  - 
.  + 

x 

x  +  0 . 5 


I 

0 


2 


HI 

1.5 

2x 


1.5  -  2x 


(1.5  -  2x) 2 
(x)(0.5  +  x) 


870 


After  cross  multiplication, 

~  2.25  -  6x  +  4x2  =  870x2 "+  '435x 

..  *  ..j  ( 

866x2  +  441x  -  2.25  =  0  ' 


moles 

moles 

moles 

moles 
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Using  the  quadratic  equation, 


x  =  0.005  moles  of  I2  formed. 
(The  negative  root  is  discarded.) 


_  •  PROBLEM  11-52 

A  mixture  consisting  of  50%  CO  and  50%  Or,  on  a  molar 
basis  enters  a  device  at  lOOkPa  and  25°CT  It  emerges 
from  the  device  at  3000K  and  100  kPa.  Assuming  that 
any  oxygen  emerging  is  diatomic, determine  the  magni¬ 
tude  and  direction  of  the  heat  transfer  for  the 
steady  state  process:  - 


Solution :  The  chemical  reaction 

0.5C0  +  0 . 50o  - *  C0o  +  CO  +  0o  ,  . 

gives  the  products  that  emerge  from  the  device.  Furthermore, 
C°2  - - CO  +  *02 

gives  the  equilibrium  equation  for. the  products.  Let  e  be 
the  number  of  kmol  of  C02  dissociated,  then 

C02  ~ — t  co  +  0-502 

Initial:  0  0.5  0.5 

Change:  +e  -e  -0.5e 

.  .  t  :!l  -O*  1  t 

Equilibrium:  e  (0.5-e)  (0.5  -  0.5e) 

Therefore  the  total  number  of  kmol'  at  equilibrium  is 

n  =  e  +  (0.5  -  e)  +  (0.5  -  0.5e)  =  1  -  0.5e,  •,  -  .... 

and  the  equilibrium  mole  fractions  are  + 

v  =  £  v  =  °- 5~e  v  =  0- 5-0. 5e  : 

yC02  1-0. 5e  *  yCO  1-0. 5e  *  y02  1-0. 5e 

.ti  •> 

From. the  table  of  the  equilibrium  constants ,  K  at  T  =  3000K 
is  -  f 

t  ■ 

InK  =  -1.111  =$»  K  =  0.329  .  :  -  > 
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Substituting  these  values  along  with  P  =  0.1  MPa  into  the 
following  equation,  gives  : 


K  =  0.329  = 


CO  y0 , 


CO, 


■(&) 


l+£-i 

£ 


(  0.5-  e\  (0 . 5-6 .  5e\  * 
A 1-0. 5e/  \  1-0. 5e 

~  (i=rfre)  v 


or  in  more  simplified  form 


0.5-0.5e\ 
1-0. 5e  1 


0.1084 


In  the  previous  equation , the ^number  of  moles  of  each  compo¬ 
nent  must  be  greater  than  zero  in  order  to  obtain  a  physically 
meaningful  root.  Thus  the  root  must  lie  in  the  range 


0  <  e  <  1 


The  solution  is  found  by  trial  and  error  as  shown  in  the 
table. 


-  A  ■ 

-  *  r 

•4  '•  ' 

Assumed  value 

fie) 

for’e 

•'  0.32-  1 

0.1281 

0.325  . 

.  0.1173  . 

0.3291 

0.1084 

'(•  ♦'  u.  w 

Therefore  the  number  of  moles  of  each  component  at  equili¬ 
brium  is  -  -  ' 

nC02  =  0.3291,  nco  =  0.1709,  nQ  =0.3355 

and  the  overall’  process  is  ^  r  ■  . 

0.5CO  +  0.502  - - ^  0.3291CO2  +  0.1709CO  +  0.335502  • 

-  'i  •  >  '  * 

^  ‘  „  l  5 

The  heat  transfer  for  the  reaction  can  be  calculated  using 
the  first  law  and  obtaining  the  enthalpies  from  the  table 
of  the  enthalpies  of  formation.  Let  the  subscripts  R  and  P 
stand  for  the  products  and  reactants, respectively  ;  from  the 
first  law,  written  for  this  case  (on  a  mole  basis) 
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Q  +  £  n.h  =  l  n.jh 
R  P 


or  solving  for  Q 


Q  = 


nco2h 


co2+ncohco+no2ho2 


T=3000K 


ncohco+no2ho2 


(1) 


T=298K 


Using  the  tables  of  the  enthalpies  of  formation  with  the 
formula 


hi  ^hf^298 


+  (h°  -  h£98)J 


where  the  subscript  i  stands  for  the  components  at  T=3000K , 

hco  =  -393,522  +  152,862  =  -240,660  kJ/kmol 
2 

hCQ  =  -110,529  +  93,542  =  -16,987  kJ/kmol 


0 


+  98,098  =  +98,098  kJ/kmol 


and  at  T=298K 


hCQ  =  -110,529 


Substituting  these  values  into  equation  (1),  then  ■ 

r4 

Q  =  0.3291)  (-240, 660  )  +  (0. 1709)  (-16, 987  )  +  (0. 3355  )  (98, 098  )J 


-  |(0.5)(-110 ,529  )j 

=  -6,072.09  kJ/kmol 


The  negative  sign  indicates, that  the  heat  is  added  to  the 
system.  4 
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EQUILIBRIUM  CONSTANT  ’ 

*  1  >  M 

,  •  PROBLEM  11-53 


Carbon  dioxide  decomposes  into  carbon  monoxide  and  » 
oxygen  by.the^following  reaction:  -  *  >■'  . 

*  C02  —±  CO  +  102. 

Calculate  the  equilibrium  compositions  and  the  extent 
of  reaction  at  5301°F  and  1  atm.  Assume  that  K  under 
these  conditions  is  equal  to  0.647.  *  '  p  ' 


Solution:  The  equilibrium  constant  is  related  to  the  stoi¬ 

chiometric  coefficients  of  a  chemical  equation.  The  CO  com¬ 
bustion  reaction  may  be  rewritten  using  letters  as  the  stoi¬ 
chiometric  coefficients.  The  reaction  will  be  written  as 
follows : 


2  \- 


bCO  +  c0. 


*  '■  '  aCO 

to- 

The  equilibrium  constant  will  be 

•  <VC  .  ‘  '* 

K  =  — _ 2 pb+c-a 

p  r:  --  *T0TAL 

^xco2; 


.^r 


,r>" 


For  the  given  problem, 

a  =  1,  b  =  1,  c=0.5  and  P 


TOT 


=  1  atm.  Therefore, 


K  = 
P 


XCO  X0, 


CO. 


=  0.647 


Initially,  stoichiometric.' proportions  were  present  in  the  ■ 
mixture.  Joweve'r,  as  the  reaction  proceeds,  C0o  reacts  and 
its  stoichiometric  coefficient  no  longer  equals  1  The  same 
J®  *1“®  for  the  products  of  the  reaction.  To  compensate 
for  this  imbalance,  an  extent  or  degree  of  reaction  c  is  now 
written  as  follows.  , 

’ :  -  ■  ■  f 


CO. 


(l-e)C02  +  eCO  +  |  02 


The  total  number  of  moles  at  equilibrium  is 
NT0TAL  =:  (i-e)  +  e  +  |  =  1  +  '§ 
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The  mole  fractions  at  equilibrium  are 
1-e 


X02  l+e/2 


*  h 


CO  l+e/2 
e/2 

x02  “  l+e/2 

I 

Therefore,  the  expression  for  is: 


VKp  =  0.647 

P  (l+e7s) 


•  w 

1  '  *  1 


I 


2  —  _ z. _ 

p  '  (l-e)*(2+e) 


=  0.4186 


Solving  for  K  by  trial  and  error  methods, the  following  solu¬ 
tion  is  obtained: 

e  -  0.578 

With  this  value,  the  equilibrium  concentrations  are  obtained. 

} 

1-e 


C09  l+e/2 


=  0.327 


XO  l+e/2 


=  0.448 


k0. 


l+e/2 


0.225 


It  was  seen  from  this  problem  that  not  all  of  the  COg  reacted 
and  that  a  substantial,  portion. of  the  equilibrium  mixture 


contains  C02 • 


’  •  PROBLEM  11-54 

Find  the  equilibrium  constant  for  the  reaction  J 

CO  +  h2o  - »  co2  +  h2 

at  77°F.  Assume  ideal  gas  behavior. 
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Solution:  The  equilibrium  constant,  K,  can.be  determined 

from  the  following  equation:  *  p 

AG°  =  -RT  In  K 

p  1 

where  tCa  =  change  in  standard  Gibbs  function 

4*. 

R  =  gas  constant 

T  =  temperature  f 

:  * 

The  change  in  the  standard  Gibbs  function  is  given  by 

&}a  =  AG°  .  .  -  AG°  . 

products  reactants 

The  free  energies  of  formation  for  all  the  constituents  of 
the  reaction  are  found  from  standard  tables  and  are  given 
below:  V*.  .  •  - 


i  .■ 


Component 

ti G°f  cal/gm-mole  (25°C) 

r  *  • 

CO 

-32,810 

h20 

-54,640 

n2 

•  '  1  0  *  * 

o 

o 

tO 

v/  •»  -94,260 

Therefore, 

=  £G°  .  .  -  AG°  .  ■ 

products  reactants 

•«,.  *  .  i  ’->  ,  -u  a  <i  -  •  'iw-  .  If  :  * 

«  -<  *  =  i  (-94,260  s-  0) (-32,810  -"54,640) 
=  -6810  cal/gm-mole 
=  -12,250  Btu/lbm-mole 
Solving  for  ln: gives 


t 


m  Kp  = 


12,250  Btu/lbm-mole  x  778  ft-lb/Btu 
1545  f t • lb/lbm-mole-°R  x  537°R 


=  11.5 

and  Kp  =  98,000 
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•  PROBLEM  il-55 


Ammonia  decomposes  by  the  following  chemical  reaction: 

3  S -  2(g)  2(g)  ,  i  T  j(j. 

where  the  free  energy  of  formation  is 

AG°  =  10,400  -  7. IT  log  T  -  3.79T  cal 

Find  the  extent  of  dissociation  of  ammonia  to  form 
hydrogen  and  nitrogen  at  523°K,  1.0  and  0.5  atm. 
Comment  on  the  effect  of  pressure  on  ammonia  disso¬ 
ciation.  Assume  ideal  gas  behavior.  » 


Solution:  The  stability  of  ammonia  gas  depends  on  pressure 

Three  independent  simultaneous  equations  are  necessary  to 
solve  for  the  three  unknowns  p^H  ,  py  and  . 

For  the  decomposition  reaction, 

AG°  =  10,400  -  7. IT  log  T  -  3.79T  cal 
@  523°K 


AG°  =  -1677  cal 
AG 0  =  -RT  In  K 


„  _  (  +1677  \ 

. .  "  exp  \  (1.99)(523)  j  - 


Kp  -  5'01 


From  the  chemical  reaction, 
3/2  1/2 

1  TT  *  1 


.  .3/2 


l/2 

Pn2  /PNH. 


(due  to  ideal  behavior) 


Since  the  dissociation  of  ammonia  always  results  in  the  form 
ation  of  3  moles  of  H2  for  every  one  mole  of  Ng.  3p^  =  Py  . 

2  2 

The  third  relation  is ,  1  - 


pn2  +  ph2  +  pnh3  pTOT 


i  t . 
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-or  Ptot’  11  ^ 


%  +  PH2  +  PNH3  =  1 


4Pn  +  pNH  =  1  (substituting  for  pH  ) 


NH 


H, 


Now  substituting  for  in  the  equilibrium  constant  ex¬ 


3  * 


pression. 


*  f  *  - 


5.01 


<3Pn2)3/2<PN2)1/2' 

(-4Pn  +  1) 


After  cross  multiplication, 


2  '*  f- 

5 . 2p^;,  +  20.04pN  /-  5.01  =  0 


PN, 


-20.04  ±  ✓(20.04)2  -  4(5.2)(-5.01) 
72(5.2) 


pH  =  3(0.236)  =  0.708 


'h 

3nh. 


=  1  -  0.236  -  0.708  =  0.056 


@  1  atm, 94. 4%  (by  volume)  of  the  NH^  will  dissociate. 


For  PTnT  =  0.5  atm, 
^NH. 


TOT 

y 


4pN2  +  PNH3  "  °-5  .  •  -  , 

Plugging  into  the  equilibrium  constant  expression, 

r-  «  2 

5.2p  +  20 . 04p  -  2.505  =  0 

2 


N, 


=  -20.04  ±  /T^0704 ) 2  ’  ~  4 ( 5 . 2 ) ( -2 . 50 5  V 


2(5.2) 


Pm  =  0.12 
W2 

p„  =0.36 
H2 


>  tv 


NH. 


=  0.02 


0.5  atm, 96%  (by  volume)  of  the  NH^  dissociates 
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The  trend  seen  in  this  problem  follows  Le  Chatelier's  prin¬ 
ciple.  Since  1  mole  of  gas  reacts  to  give  2  moles  of  gas 
(H2  +  N2 )  as  the  pressure  is  raised,  the  reverse  reaction 

is  favored  and  therefore,  the  dissociation  decreases. 


•  PROBLEM  11-56 


A  certain  steel  containing  0.7  weight-percent  carbon 
is  in  equilibrium  with  a  methane-hydrogen  gas  mix¬ 
ture  containing  99  percent  hydrogen  and  1  percent 
methane  by  volume  at  lf173°K  and  1  atm.  Find  the  acti¬ 
vity  of  carbon  in  the  steel  and  the  equilibrium  volume 
percentages  of  a  carbon  monoxide- carbon  dioxide  mix¬ 
ture  at  equilibrium  with  the  steel  at  the  same  condi¬ 
tions.  Use  the  following  data  to  solve  the  problem 
and  assume  all  gases  are  ideal. 

Data 

For  the  reaction 

C,  ...  x  +  2H0/  .  - *  CH. /  x 

(s,  graphite)  2(g)  ^ -  4(g) 

AG°  =  -21,600  +  26. 2T  cal 
For  the  reaction 

C02 ( g )  +  C(s,  graphite)  2C0(g) 

AG°  =  40,800  -  41. 7T  cal 


Solution :  This  problem  is  a  typical  example  of  the  principle 

of  determining  the  equilibrium  conditions  of  a  certain  reac¬ 
tion  from  the  known  conditions  of  a  similar  reaction.  The 
carbon  activity  in  the  steel  is  found  by  the  H2  -  CH^  equi¬ 
librium  gas  composition.  Using  this  activity,  the  molal  ana¬ 
lysis  of  a  CO  -  C02  gas  mixture  can  be  obtained. 


For  the  C  -  H2  -  CH4  equilibrium 


1 , 173°K 


AG°  =  -21,600  +  26.2(1, 173 ) 
-  9,132.6  cal 

In  K-  -  “AG0 

ln  Kp  RT 

~i  „  v  —  —9,132.6  _  q  q 

ln  KP  "  (I.ffS)fTfTTJ7  “ 

K  =0.02 
P 
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I 


‘■ft 


a  " fCH4" * 

'  TK  TeL, 

H2  C 


Since  all  gases  are  ideal, 


CH 


K  = 

P  PH  'aC 


Substituting  the  given  equilibrium  gas  compositions, 


4-  ■ 


PCH  =  (0*01)  1  atm 
4  *  i 


P„  =  0.99  (1)  atm 

i  2  ■  > 


0  .01 

K  =  ru-"x-2— ■  =  0.02 


p  (0 .99) 2ac 


aC  ~  0.  02(0.  ^9)2 


0  .01 


=  0.51 


The  activity  of  the  carbon  in  the  steel  (relative  to 
graphite  as  the  standard  state)  is  0.51.  5 


The  CO  -  C02  gas  composition  in  equilibrium  with  the  steel 
(carbon)  is  obtained  from  the  reaction 


1,173  K  ' 

->•  'i  * 


C02(g)+  C(S)  V 


AG°  =  40,800  -  41. 7T  cal 

1  k  •• 

v.'*.’  > 

AG°  =f 40 ,800  -41.7(1 ,173 )  x 
‘  -  =  -8; 114.1  cal  :  4 

KP  “  exp(  T^§44rm)=  32,3 

■  r  <  *  ... 


From  the  chemical* react ion ,  <  ^ 

Kp  =  fC0/fC0o,aC 


Since  all  gases  are  ideal, 


K  =  ”  a_ 

p  CO7  co2  C 
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Substituting  for  K  and  ac, 

P  ^ 


Wpco„  ■  16-47 


P  +  P  —  p  =1 
CO  ^C02  *TOT 


P*  =  16.47(1  -  PPp) 


pco  +  16-47Pco  **  16*47 


Using  the  quadratic  equation. 


_  -16.47  ± 


PCO  =  °‘  946  atra  (The  negative .root  is  neglected) 
Ppn  =  0. 054  atra  ,  .  „  ;- 

,  |:{:  t  ■■■  -  i 


The  gas  contains  94.6%  CO  and  5.4%  CO  (by  volume). 


•  PROBLEM  11-57 


Carbon  monoxide  reacts  with  oxygen  according  to  the 
following  chemical  equation: 

‘  '  '  '  *  *  ^  '  3  tl 

co  +  io2  =  co2  v*"  (1 

I; 

A  stoichiometric  mixture  of  CO  and  0^  enters  a  reactor, 
at  100°C .  co2 »  co  and  °2  leave  the  reactor  in  chemi¬ 
cal  equilibrium  at  1,527°C  and  2  atm.  K  for  the  reac- 

q  q  P_  A 

tion  at  1 , 527%C  is  equal  to  1  x  10  *  atm  .  Calculate, 
the  partial  pressures  of  C02,  CO  and  02  in  the  products. 


Solution :  Assuming  ideal  gas  behavior,  using  the  informa¬ 

tion  obtained  from  reaction  stoichiometry,  mass  conservation, 
and  the  expression,  the  partial  pressures  of  all  the  spe¬ 
cies  can  be  calculated.  - 
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The  expression  for  is 


CO 


K  =  K 
P  P 


CO  0 


2 


1  x  103,9  atnT* 


Due  to  the  ideal  gas  assumption, 


C0o  +  Pco  +  Prt  ~  2  f 


TOT 


and 


initial  #  atoms, 
initial  #  atoms 


By  the ' law 'of  atomic  conservation, carbon  balance: 

nC02( initial )  +  nC0( initial)  =  nC02(final)  +  nCO(final) 
where  n  =  number  of  atoms  of  carbon  in  each  species  present 


Oxygen  balance: 

2nC02( initial)  +  nCO(initial)  +  2n02( initial )  = 

2nC02( final)  +  nC0( final)  +  2n02( final) 

Since  nco  (initial)  =  ■  the  balances  are:  ‘ 

2 

nC0( initial )  =  nC02(final)  +  nCO(final) 


and 


+  2n, 


=  2n, 


“C0(  initial)  T  *u02(  initial)  AliC02(  final)  +  nC0(  final) 

■  *  +.  2n02( final) 

*  * 

I  .  O  t*  -  '  >  n  -  ■ 

^  & 

If  n„- , .  ...  , x  in  the  carbon  balance  is  substituted  in  the 

CO ( initial ) 

oxygen  balance,  an  expression  for  nQ  (in^tiaX)  is  obtained- 

n  ■■■  -  V  2  Al 


n02( initial)  n02( final)  +  *nC02( final) 
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The  feed  stream  consists  of  a  stoichiometric  ratio  of  CO  to 

0o.  In  other  words,  CQ( init ial-2,  =  2  (  a  ratio  of  .  2:1  from 
.  n02(initial) 

the  chemical  equation).  Therefore,  f,  ^ 

nC0( initial )  .  nC°2(final)  +  nCO(final) 


n0o(  initial)  n09(  final)  ^^CO  (final) 
2  Z  -  ^ 


*  2 


Since  the  atomic  ratios  are  proportional  to  the  partial  pres¬ 


sures  , 


C0( final)  _*2 
02( final) 


or  *  .  ■is!'  -  -  f  l 

P__  =  2P_  (The  subscript  ’’final"  has 

CO  02  «  *  *■  ■  j!i 

been  dropped  since  now  there  is  no  confusion  regarding  which 
pressure  is  being  referred  to.) 


Since  all  of  the  pressures  add  up  to  2, 

PC02  +  PC0  +  P02  7  2 

or  pco2  +  3po2  2  ;! 


Plugging  these  values  into  the  K  expression, 

JL  -  -»  P 


CO, 


CO 


1  x  10' 


(2p  P  *)  2P 
u2  U2  U2 


2 


16,000  PQ 


3/2 


=  P 


CO, 


But  3P„  =  2  -  P 

°2  2 


•  ;  -W  - 


Therefore , 


2  -  P 


CO, 


.3/2  ,  , 


pco„  ■  16 '°00' 


This  equation  can  be  solved  by  trial  and  error. 


?67 


If  PCq  =  1.9  Is  tried,  a  value  of  =  243.5  is  obtained 


2  2 
This  shows  that  the  first  attempt  was  too  high 

1.999  is  tried,  a  value  of  P 


If 


=  0.2435  is  obtained 


co2  - - ~  ~  — ,  -  — . co2 

Therefore,  it  is  seen  that  this  trial  was  too  low, 
few  trials,  the  correct  value  is  obtained. 


After  a 


P^q  =  1.996  atm 
2 

P  =  (2  -  1 . 996 ) /3  =  0.00133  atm 
°2 

p  =  2P  =  0.00267  atm 
CU  vJ^ 


The  extent  of  reaction  is  very  high,  and  the  small  amounts 
of  C>2  and  CO  in  the  product  mixture  are  due  to  C02  disso¬ 
ciation  at  high  temperatures. 


•  PROBLEM  11-58 


What  is  the  equilibrium  composition  of  a  mixture  of 
carbon  monoxide,  carbon  dioxide,  and  molecular  oxygen 
at  3000°K  and  30  psia?  Assume  the  mixture  contains 
5  atoms  of  oxygen  per  atom  of  carbon. 


Solution :  The  reaction  is  given 

and  the  equilibrium  constant  for 
is  given  by 


K(T) 


xco2  V / 


* 


by  C02  ■■■■•-■  *  CO  +  £02 
this  dissociation  reaction 

-  1 


where  P  =  reaction  pressure 

Pq  =  seme  reference  pressure  (atmospheric) 
xi  =  mole  fraction  of  substance  i 
K  =  equilibrium  constant 

Pq  is  arbitrarily  chosen  to  be  1  atmosphere  or  14.7  psia. 


From  a  table  of  the  equilibrium  constant,  it  is  found  that  at 
3000°K ,  log10  K  =  -0.469  or  K  =  0.340. 
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'  xco  xo 

Thus,  U2 


=  0*340, x  (nxr)  f  ='0-238 


CO, 


The  above  equation  represents  an  equilibrium  constraint  on 
the  system.  A  mole  fraction  constraint  -can  also  be  written 
for  the  system. 


i i 


XC0  +  XC0, 


+  x. 


=  1 


since  the  mole  fractions  must  sum  to ‘unity.  A  third  con¬ 
straint  for  the  system  is  the  ratio  of  carbon  atoms  to  oxygen 
atoms  in  the  mixture:  1  carbon,  atom  is  present  for,,  every 
five  oxygen  atoms.  So, 


CO, 


+  x 


CO 


2xco2  +  xco  +  2xo2 


The  three  constraints  represent  three  simultaneous  equations 
with  three  unknowns,  which  are  Xqq,  >  x^q  and  Xq  .  These 

2  2  ' 

three  equations  can  be  solved  using  some  numerical  technique. 
The  solution  is  found  to  be  i> 


x^q  =  0.0891 


O, 


=  0.615 


o'; 


4 


r  f 


‘CO, 


=  0.296 


which  is  the  equilibrium  composition  of  this  system. 


•  PROBLEM  11-59 


In  a  continuously  fed  catalytic  ammonia  converter 
1  mol  of  nitrogen  reacts  with  3  mol  of  hydrogen  ac¬ 
cording  to  the  following  chemical  reaction: 

N2  +  3H2  =  2NH3 

"  *  , 

The  converter  is  operated  at  a  pressure  of  100  atm  and 
a  temperature  of  350  C.  ..  The  equilibrium  constant  for 
this  reaction  K  is  equal  to  14.4  x  10  at  500  C.  The 
enthalpy  of  reaction  AH°  is  -25,800  cal/g-molat  the  de¬ 
sired  temperatures.  All  standard  states  are  assumed  to 
be  pure  components  at  1  atm  pressure.  Assume  ideal— gas 
and  Lewis-Randall  behavior.  Calculate  the  equilibrium 
conversion  of  nitrogen  to  ammonia: 
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Solution:  The  equilibrium  constant  is  given  at  a  temperature 

of  500°C,  therefore,  the0equilibrium  constant  (K)  at  the  op-' 
erating  temperature  (350  C)  must  be  calculated.  Once  this 
value  is  known,  K  ,  the  equilibrium  constant  based  on  mole 
fractions,  can  beradetermined  and  the  equilibrium  conversion 
obtained .  *■  , 

-  *  'O' 

To  calculate  K  at  350  C,  the  following  equation ^is  used: 


,T1  rt2 


TTCT 

*  ll 


Substitutingtthe  numerical  values, 
p->  v  623°K 


Integrating, 


1.987- 


Simplif ying , 


23°K  =  f  p25,800~|  dT 

73°KJ  773°K  T2  J  , 

[25.800^  - 


~^K)623°K  _  8^_ 

14.4  x  10"6  "  1. 


=  4.044 


Hence , 


(K)c"  *  14.4  x  10“ 6  •  e4  * 0  4  4  =  8.216  x  10' 


K  is  related  to  by  the  expression 

K  K 

*  1  K  =  m'P 

'l+  ‘  K  TfO 


Therefore , 


K  = 
m  K 

p  ... 

Since  the  standard-state  conditions  are  all  pure  components 

at  1  atm,  f°  =  1  atm  and  K°  =  — ^  =  -L  =  1  atm“2.  K  is 

f  ff  f  ,  P 

‘  I  '  . 

directly  related  to  the  system  pressure  by  the  expression' 

•  -•  *  k  =  jbL  =  *" 
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Since  p  =  100  atm,  K  =  (100:  atm)  2=  1  x  10  ''atm 

P  -i-r-.  ...  .1^ 

Now,'  K  can  be  calculated. 

’  ra  . 

K  =  *  =  (8.216  x  10~  XI  atm*  )  j!  * 

m  Kp  1X  io" 4  atm"2 

K  =  8.216 
m 

Setting  up  a  table  of  property  values  for  the  reacting  mix¬ 
ture  based  on  1  mol  of  nitrogen  feed  and  x\mol  of  NQ  reac¬ 
ting,  „  .  ■  ••• 


Table  1 


N2 

H2 

NH3 

i,  Total 

Initial 

i 

3 

0 

4 

Formed  by  reaction 

-X 

-3x 

2x 

-2x 

Final 

1-x 

3-3x 

2x 

4-2x 

Final  mole  fraction^ 

1-x  \ 

( 

'3-3x\ 

(  2x  \ 

1.0 

ttxj 

1 

l  s  -  * 

1.  J,  ’  . 

-a 

" 

- 't  "  / 

By  using  the  calculated  value 

V 

x  can  be  obtained. 

K 

1 

y 

^  INH 

— ;  xt 

3)2 

m 


Therefore , 


8.216  = 


f  2yV 

V  TOTAL / 


TOTAL/  ,  (where l4TOTAL=4-2x) 

( ( 1-x ) /TOT ) ( ( 3-3x ) /TOT ) 

x  i 

•  .  f.  ’• 


8.216  = 


(4x2 )(4-2x) 2  * 

( 1-x ) ( 3-3x ) 3 

<5  ..  1  V  ijj.  J  It*  V  '  -  ‘  lj  *  J 

The  solution  of  this  equation  for  x  gives  the  equilibrium 
conversions  of  N2  to  NHg .  Since  this  is  a  fourth  order  equa¬ 
tion,  a  trial  and  error  method  is -adopted.  Examination  of 
the  range  of  possible  values  for  x  shows  that  0  <.  x  £  1. 

Since  K  is  a  relatively  small  number,  it  is  quite  possible 

that  x  cannot  be  a  very  small  number  (since  there  would  be  a 
small  denominator  resulting  in  a  large  Km>.  A  good  first 

guess , therefore ,  is  x  =  CL 5.  For  this  value  of  x, =  5.33. 

This  shows  that  a  higher  value  for  x  is  needed.  After  a  few 
trials,  the  exact  value  obtained /is  x  =  0.54.  ' 
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Table  2;  -  > 


Trial  # 

X 

K 

m 

x  .  =  high 

assumed 

or  low? 

1 

0.5 

5.33 

~ 1  low  4 

2 

0.6 

16.33 

thigh 

3 

0.53 

7.37 

low 

n 

•*i  s 

1  •  Tv' 

•  4 

:f.  ‘  "... 

'f 

4 

0.54 

^  8.22 

T\ 

■k  correct 

Therefore 

,  it 

is  seen  that  the 

maximum  conversion 

of 

N2  to 

NH^  under 

the 

given 

conditions 

is 

0.54/1.0  =  0.54 

or 

54%  con 

version. 

~  . 

,  * 

v 

..  . 

... 

EQUILIBRIUM  CONSTANT  DEPENDENCE  ON 
TEMPERATURE 

'  ■  ■  &  ■  ■  '  ‘  .‘J  •  ^  *  '  J 

f  •  PROBLEM  11-60 


Hydrogen  reacts  with  iodine  gas  by  the  chemical  re¬ 
action: 

H2(g)  +  I2(S)  “ — t  2HI(g ) 

Kp  for  this  reaction  is  equal^to  870  @  25°C  and 

^25  = >-2480  cal.  Calculate' K  @  40°C  for  the  follow¬ 
ing  two  cases. ^  ;  ,  P 

(a)  If  AH  is  constant  for  this  temperature  range. 

^  ,  *  •  -  \  ; 

(b)  If  AH  varies  with  temperature. 


Solution:  K  can  be  calculated  by  using  the  equation 

•  f  **  "...  Hi.  , 

din  Kp/dT:=  AH°/RT2 ’  - 
After  integration,'  /  -  '  * 

KJ>  (@T2>  _  .  . AH°  /T2  -  T1 


v  log 


K^T@ri)  •  2.303R  l  T1T2 
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substitution  into  this  equat ion  yields 


,  „  ,  _,0„x  _...  if-  -2480  (  313  -  298 

log  Kp  (@  313  K)  log ‘870  (2 . 303  )  ( 1. 987)  \(313)(298) 

t  <!.  ...  ' 

K  =  712  '•  ' 

P 


Due  to  the  fact  that  AH  <  0,  K  decreases  with  an  increasing 
temperature . 


If  AH  is  not  constant,  it  must  be  expressed  as  a  function  of 
temperature.  Therefore 

*.  ■  * 

AEj,  =  AHj t+  AaT  +  (Ab/2)T2  +  (Ac/.3)T*  +  .  .  .  .  f 


In  K  = 
P 


j  (1/RT2)(AHi  +  AaT  +  (Ab/2)T2  +  (Ac/3)T: 


+  .  .  . )dT  +  I 


m  KP  = 


_ 1  na  -1  rn  .  rp  ,  WiiBZ.  .  j 

RT  R  2R1  6R1  *  *  * 


This  equation  allows  us  to  find  Kp  at  any  temperature  within 
the  range  of  valid  parameters  a,  b,  c, provided  the  parameters 
and  the  integration  constants  I,  AH-  are  known.  The  value  of 
the  integration  constant  I  can  be  calculated  by  finding  Kp 
(orAG0)  at  a  particular  temperature.  w  ^  ‘  t, 


•  PROBLEM  11-61 


The  sodium  chloride  formation  reaction  is 


■CD  +  JC12, 


(s) 


The  standard  heat  of  formation  of  sodium  chloride  is 
equal  to  -98.6  kcal  mole*1  and  is  temperature  inde¬ 
pendent.  When  H2  and  HC1  gas  are  in  equilibrium  with 

liquid  sodium  and  solid  NaCl.  the  partial  pressure  of 
chlorine  gas  is  1.672  x  10  mmHg  @  773°K.  Using  this 
information,  determine  the  equilibrium  partial  pressure 
of  chlorine  @  823°K. 
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Solution :  Using  the  van't  Hoff  equation ,1^  at  the  second 

temperature  can  be  found.  Due  to  the  fact  that  AH-  is  a 
*  I 

constant,  the  approximate  form  is  used.  Before  this  cal¬ 
culation  is  performed,  the  known  value  of  the  partial  pres 

sure  of  chlorine  is  used  to  obtain  K  @  773°K. 

P 


For  the  NaCl  formation  reaction, 

•  j 

a. 


K  = 


NaCl 
aNa-ICl2 


If  sodium  and  NaCl  are  in  their  standard  pure  states  and  the 
Clg  behaves  as  an  ideal  gas ,  •  .  ♦ 


KP  pi/2 
Cl„ 


p^/2  =  1.672  x  nr^ramHg  =  2.2  x  10~46atm 


P  (2.2  x  10“46)* 


=  6.74  x  10: 


500  C 


This  value  is  now  substituted  into  the  van't  Hoff  equation 
(integrated  form)  as  4 


In 


RKxn 


TV 


AH 

X  ITT 


L  .  J_) 

r2  T1 1 


_  -98  600  /  _1 _ 1_\ 


ln(6.74  x  10")  -  in  K,  =  ^ 

K2  =  1.36  X  1021 


Now , 


J  XT  ' 


Cl. 


1 

K*  * 
P  ** 


Cl9  (1.36  x  1021)* 


5.40  x  10“ 4  3  atm. 
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This  problem  can  also  be  solved  by  calculating  AG°  @  773 °K 
from  K?7 3  and  solving  for  AS0  in  the  equation 

AG°  =  AH0  -  TAS°. 

Assuming  that  AH0  and  AS0  are  temperature  independent,  then 
AG°  @  873  can  be  calculated,  from  which  Kg„g  can  be  obtained. 


•  PROBLEM  11-62 

Hydrochloric  acid  gas  reacts  with  oxygen  by  the  fol¬ 
lowing  reaction  : 

2HC1(  g)  +  *02(g)  H20(g)  +  Cl2(g) 

If  AG20g  =  -9.098  kcal  and  AH°98  -  -13.672  kcal,  cal¬ 
culate  Kp  and  AG°  @  400°K  using  the  following  heat 
capacity  data. 

heat  capacity  data 

(all  heat  capacities  are  in  cal  mole-1deg_1) 

HCl(g),  U°  =  6.7319  +  0.4325  (10~3)T  +  3 . 697(  10" 7  )TZ 

°2(g),  C°  =  6.0954  +  3 . 2533( 10~ 3 )T  -  10 . 171( 10" 7 )TZ 

H„0(g),  C°  *  7.219  +  2 . 374( 10~3 )T  +  2.67(10"?)T2 
z  p 

Cl9(g),  C°  =  7.5755  +  2 . 4244( 10~ 3 )T  -  9.65(10"?)TZ 
z  P 

Also  develop  the  expression  for  the  variation  of  Kc 
Q;he  equilibrium  constant  based  on  concentrations] 
with  temperature. 


Solution :  From  the  heat  capacity  data,  AH°  can  be  calcula¬ 

ted.  Using  this  value,  can  be  evaluated. 

From  the  heat  capacity  data,  Aa,  Ab ,  and  Ac  can  be  evaluated 

and  this  leads  to  AC  . 

P 

Therefore,  AC0  =  -1.7170  +  2 . 3067( 10" 3 )T  -  9 . 288( 10"? )T2 
P 

Using  the  equation 

AH°  =  AH°  +  AaT  +  (Ab/2)T2  +  (Ac/3)T3 

at  298c  K ,  AH®  -  -13,254  cal.  Since  =  -9098  cal, 

X  Z'ao 
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1  v  //St  nno\  —9098'  AG  1  OKO 

ln  Kp(@  298 )  =  (-1.967>(298.2)  “  WF  ~  15 ,352 


Using  the  equation 


d  ln  K  i  ■  " 

P  _  *  ttO 


dT 


=  AH°  /RT2-’1* 


or 


ln  Kp  =  |  Ql/RT2)(AH°  +  AaT  +  (Ab/2)T2  +  (  Ac/3  )T*]  dT  +  I 


-AH': 

'  +  “  In  T  +  —  T  +  ~  T2  +  T 
"RT”  R  in  1  2R  6R  1 


S?:  ' 


•ie  ocn  _  13,254  1.7170  -j „  r>Qo  o  j. 

15 ■ 352  (1.987 >(298.2)  17987  1  298,2 


2  3067 ( 10" 3  )  0rt0  „  9.288(10  ')  T 

2(17967)  298,2  ^  6(1.967)  (298,2)  +  1 

or  I  =  -2 . 263  .  * 


.-7 


at  any  temperature,  Kp  can  be  calculated 


13,254  1.7170  m  ,  2.3067(10  3)  m 

ln  Kp  *  -.179877  “  17987“  H  T  2(1.987)  T  ,, 

*  ;  9 . 288(  10” 7  )  m2  0  -  ’  ‘  *- 

- 6(T7997)“  T  "  2,263 

V  i  *  ■  ■  ■  *  *  ■  '  ■ 

at  T  =  400°  K,  In  KD  =  1.3095  x  104. 

-  •  r  £  ^  f  "-i  • 


AG  =  -RT  In  K  =-( 1 . 987) ( 400 ) ln( 1 . 3095  x  10") 


P  i 


=  -7535  cal 


~  ' 

The  variation  oi  K  with  temperature  is  obtained  by  taking 

^  An 

the  logarithm  on  both  sides  of  the  equation,  K  =  K  (RT) 

.  s  j  *■  :  >  '  P  c  « 

and  taking  the  derivative  with  respect  to  temperature. 

*  i  '  ,  .!  ••  *. 


d  In  K 


dT 


-£  =  ,d,ln  K  /dT-+  An/T  , 


But  d  ln  K  =  AHU/RT: 
-  P 


*’  4  ' 


d  ln  K( 
dT 

d  ln  K 


-  An/T  =  [AH0  -  An(RT)]/RT2 
k  '  J*  *  '» 


=,  AE  /RT‘ 
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•  PROBLEM  11-63 


Hydrogen  and  oxygen  liquids  are  used  as  fuels  for  a 
rocket  engine  which  is  designed  to  operate  at  a  cham¬ 
ber  pressure  of q15  atmospheres,  and  the  gas  feed  temp¬ 
erature  is  -100  F.  Calculate  the  maximum  temperature 
that  can  be  attained  in  the  combustion  chamber  when  the 
dissociation  is  0.02  and  0.2.  Assume  a  constant  pres¬ 
sure  combustion  and  no  OH  product.  Use  table  (1)  for 
equilibrium  constant  values. 
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Solution:  The  amount  of  dissociation  will  be  defined  as  x  in 

(T-  x)H20  +  xH2  +  Vx02 


the  equation 


H2  +  i02 


where  0  <  x  <  1 


The  number  of  moles  in  the  product  N  is  then 
N  =  (1-  x)  +  x  +  £x  = 


•  -t 

t  s 


=  x^  relates  the  mole  fraction 


The  equation  p-—  =  - - 

TOT  TOT 

of  the  products  to  the  partial  pressures  so  that 

.,2(1  -_x)  . 

„  H20  ~  .  2  +  x  TOT  4 

r\  _  2X  n 


2  +  x  TOT 

— —  p 

2  +  x  TOT 


Now  from  table  (1) 


i  K  = 
P 


<v1(vl/2 

nH^01 


For  x  =  0.02, 


|15  =  0.297  atm 


p  '.-7  2^04 V 

H2  I2'02/ 

\  ■  (?^I>15)  =  °;149  atm  .  • 

ph2o=  (— -irc'2°2))15  - 14  • 554  atm 


Then  KP  =  — ■  TlC5Sit9)  .  °  0 , 00788 
log  Kp  *  -2.103 


The  temperature  which  corresponds  to  the  maximum  temperature 
for  x  =  0.02  is  obtained  by  interpolating  the  data  in  table 
(1). 


Therefore , 


For  x  =  0.2 


T  «  2553°K 


P„  =2.73  atm 
H2 
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and 


P  =1.36  atm  •  f . 

°2  '  1  -  / 

P„  10.9 ■ atm  n 

H2° 

K  =  0.292 
P 

log  Kp  '=  -0.534 

>  :.-o  >  (  : 

From  table  (1) 

I; 

T  -  3150°K  (approximately)1. 


•  PROBLEM  11-64 

Carbon  monoxide  reacts  with  water  by  the  following 
reaction  :  .  ,  ,  c  jj 

CO  +  H20  C02  U2  .  jf. 

If  the  gas  feed  stream  contains  20  mole  %  Ho,  6  mole 
%  CO,  2  mole  %  C02  and  72  mole  %  HgO  @  4770C  and  the 
total  pressure  is  1  atm,  calculate  the  conversion  at¬ 
tained  at  700,  800  and  900°K.  Assume  ideal  gas 
behavior.  Use  the  following  entropies,  heat  capacity 
and  heats  of  formation  data  to  solve  the  problem. 

units  =  calories;  g  mol,  °K  77  8 


'i 


Solution:  From  the  data,  AH,  AS  can  be  determined.  From 

these  quantities  AG  can  be  calculated .  From  AG ,  K  is  ob¬ 
tained  and  then  conversion  can  be  calculated.  The  heat  of 
reaction  @  298° K  and  1  atm  is  '■  r 
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^298  ^  ^f  ^products  “  ^AHf ^reactants 

=  -94,052  +  26,416  +  57,798  ■«  -9838  cal/gmole 


The  entropy  change  of  reaction  @  298°K 

^298  ^  ^298  ^products  “  ^S298  ^reactants 

=  51 . 061 f+  31.211  -  47.301  T  45 . 106  =  -10.135 

caly£  mole°K 

^  ^a^products  **  ^a^reactants 

;  =  6.214  +  6.947  -  6.420  -  7.256  =  -0.515 

Ab  =  ( b )  .  „  -  (b) 

.products  v  'reactants  ( 

=  [10.396-0.200-1.665-2. 298]  x  10“3  =  6.233  x  10“3 

^products  ^reactants 

■»  »*. 

=  '[•3.545+0.481+0.196-0.283]  x  10“®  =  -3.151  x  10“* 


Using  the  following  equations,  AH®  AS^  and  AG°  are  calcu¬ 
lated.  0  0  T 


(A)  AH®  =  AH®98  -  Aa(  298 )  -  4£(298)2  -  -^(298)3 

(B)  ASq  =  AS°98  -  Aa  ln(298 )  -  Ab(298)  -  ^(298)2 

(C)  AG°  =  AHq -+  (Aa  - ASQ)  -  AaT  ln(T)--^T2  -  -^T3 

!  JU 

%  * 

•••  ---  L  .  '  '  -  .  •-  •*.  \ 

AH0  =  -9838  +  (0.515 )  (298 )  -  (6.233x10“  /2)(298) 

0  »  .  * 

+  (3.'151xl0“6/3)(298)3  =  -9934  cal/g  mole 

AS®  =-10.135  +  0.515  ln( 298 )  -  (6. 233xl0“3 )(298) 

0  ^  —  .  '  -  --  —  - 

+  ( 3 . 151x10“ 6 /2)(298)2=  -8.92  cal/g  mole 


i  r  » •  '  a 

(AG®/T)  =  :-(9934/T)  +  8.41  +  0.515  In  T  -  (6.233x10“  /2)T 

f  ,  t  i 

+  ( 3 . 151x10“ 6 /6 )T2  - 
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Using. the  equation 

In  K  =  -ZC°/RT  ' 

the  equilibrium  constant  can  be  determined ‘  -  1 

cl  ■% 

»  _ ; _ , _ ..  •  &  !! 


T°k 

AG",  /t 

In  K  = 

-Ag° /rt 

K 

700 

-4.33 

2.18 

8.85 

800 

-2.72 

-  1.37 

3.93 

900 

-1.50 

0.755 

2.13 

Assuming  a  basis  of  100 

moles  of  feed 

gas  and  x  moles  of 

carbon  monoxide  reacted, 

the  moles  of 

each  species  present 

at  equilibrium  are: 

/  '  &. 

moles 

* 

CO 

i.  6-x  * 

*•  1  C  i!i 

h2°  - 

•  *  72-x  <1  ' 

co2 

k 

2+x 

1 

H2 

"  ‘20+x  * 

T>,  >■  g* 

Total 

100 

.  ;  ■ 

The  equilibrium  expression  is 

i  t’  -  I*1  *  . 

:  K  -  P°2]  c»2]  / 

P°]  M  . 

substitution  of  the  number  of  moles  of  each  species  at  equi¬ 
librium  gives 

j  *•.„  . 

K  =  ( 20+x  )  ( 2+x ) / ( 6-x ) ( 72-x )  1 

i  *  r  L 

The  quadratic  equation  may  be  solved  to  determine  x  as  a 
function  of  K, 


x  = 


[l-(0. 


284 ) ( K-0 . 0926 ) ( K-l)  / ( K+0 . 282 


a 


( 0. 0257 )(K-l)/(K+0. 282) 


The  value  of  x  is  obtained  for  three  different  temperatures 
using  the  corresponding  value  of  K.  ' 

4 

Where  x/6  indicates  the  fraction  of  the  original  CO  that  has 
reacted  before  equilibrium  is  reached.  >  > 
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•  PROBLEM  11-65 


Ethanol  is  produced 

from  carbon  monoxide  gas  and 

hydrogen  gas  as  shown  by  the  reaction  ' 

2C0 

(g)  +  4H2 (g )  C2H5OH(g)  +  H2°(g) 

Using 

the  following 

data,  show  K  as  a  function  of 

temperature . 

*  s 

Data - 

i 

■  — — -  j  #  ; 

t°k  r"*" 

AF 0 cal  jg  mole 

200  r  r  , 

*  '‘"I*  ~  -39,662*"" 

400 

“  -17 , 884 

600 

5,168 

Heat 

;  Capacities  (calygmol°K) 

•  > ?  i  «  • 

•  '  _3  '  *'■ 

CO: 

*  C  =6.60  •+ 
P 

1 . 2x10  ;  T  s  r 

H2: 

C  =  6.62  + 
P 

8.1xlO"4T 

C2h5OH 

:  C  =  3.58  + 
P 

"-f 

4.985xlO""2T  -  16.99x10‘6T2 

H2°: 

C  =  8.22  + 
P 

1.5xl0i4T..+  1.34xl0~6Tz 

Solution:  By  using  the  equations  . 

AF°=  -  RT  In  K  and 

AH  ^  i  ^ 

I - =  (R  In  K-  Aa  InT-  f  T  -  ^  T2)  =  y 

A  plot  of  y  versus  1/T  makes*  it  possible  to  calculate  AHq° 
from  the  slope  and  I  from  the  intercept.  An  expression  for  K 
as  a  function  of  .temperature., can  then  be  easily  obtained. 

The  equation  for  Cp  is  in  the  form  of 

C  =  a  +  bT  +  cT2. 

*'i  ■  *  ^  ■  t.  v  ’  *■  >  ■ 

The  difference  of  the  terms  is  calculated  from  the  stoichio¬ 
metry  of  the  equation.  „  The  method  used  is: 

aproducts  “  areactants  “  ^  ^ 

For  our  react  ion, '^oducts  =  a(H20)  +  a(C2H5OH), 

areactants  =  2a(c°)  +  4a(H2).  The  same  method  is  used  to 
v  4  "  i  ‘*v  s 

calculate  Ac  and  Ab .  r*  .-n  v  < 
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The  difference  between  terms  in  the  C  equations  are  calcu- 

'*  *  .  P  I 

lated  as  follows:  | 

Aa  =  3.58  +  8.22  -  2(6.60)  -  4(6.62) 

Aa  =  -27.88  4  ■  Zb  ~  0.04436  ^  Ac  =.-15. 65x10"* 

From  the  data,  R  In  K  can  be  calculated.  * 

@  T  =  200 °K,  AF°  =  -39,662  =  -RT  In  K  i 

Therefore,  R  In K =  39,662/200  =  198.3 

@  T  =  400°K,  R  In  K  =  17,884/400  =  44.7 

@  T  =  600°K,  R  In  K  =  -^168/600  =  -8.61 

By  plugging  in  these  values  and  the  values  obtained  for  Aa , 
Ab,  Ac,  a  value  for  y  at  each  temperature  is  obtained. 


T°K 

R  In  K 

y 

l/T 

200 

198.3 

341.9 

0.05 

400 

44.7 

203.2 

0.0025 

600 

-8.61 

157.5 

0.00166 

l/T 


1  ‘ 

From  the  plot  of  y  vs.  ?^,a  slope  of  55,400  cal/g  is  obtained, 

and  is  equal  to  -AHq°.  The  y  intercept  is  65.0  and  is  equal 

to  I .  By  multiplying  y  by  T  and  rearranging  the  equation, an 
expression  for  K  as  a  function  of  T  is  obtained. 

i 

T  (R  In  K  +  27.88  In  T -  0.02218T  +  12 . 61xl0"6T2 )  « 

65 T  +  55,400 
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CHAPTER  1 2 


FLOW  THROUGH  NOZZLES  AND 
BLADE  PASSAGES 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  785  to 
824  for  step-by-step  solutions  to  problems. 


Flow  in  nozzles,  compressors,  and  natural  gas  pipelines  are  applications  of 
compressible  gas  flow.  To  describe  this  flow,  simultaneous  solutions  are  required 
of  the  continuity  equation,  momentum  equation,  and  energy  equation  (first  law  of 
thermodynamics).  For  nozzle  and  pipeline  flow  of  an  ideal  gas,  there  are  tabu¬ 
lated  solutions  available  with  the  Mach  number  as  the  independent  variable,  and 
they  are  very  useful  in  equipment  design  and  analysis.  In  compressible  flow  a 
maximum  flow  rate  can  occur,  and  further  reduction  in  the  pressure  at  the  end  of 
the  nozzle  or  duct  will  not  increase  the  flow  rate.  The  flow  is  said  to  be  choked. 
Also,  shock  waves  can  occur  in  compressible  flow  in  nozzles. 

Compressible  gas  flow  is  turbulent,  and  the  velocity  profile  is  essentially  flat, 
i.e.,  the  velocity  is  uniform  over  the  cross  section  of  the  duct  except  very  near  the 
wall,  where  the  velocity  goes  to  zero.  This  uniform  velocity  profile  approxima¬ 
tion  is  used  to  simplify  the  continuity,  momentum,  and  energy  equations;  relatively 
simple  algebraic  equations  are  obtained  which  accurately  describe  the  flow. 

Compressible  Flow  in  Nozzles  and  Ducts 

The  continuity  equation  for  compressible  flow  in  a  variable  area  duct  or 
nozzle  is: 

w  =  p Au  (1) 

where  w  is  the  mass  flow  rate  — a  constant  for  steady  flow,  p  is  the  gas  density  at 
the  cross  section  which  has  area  A,  and  u  is  the  velocity  at  that  point. 

All  three  variables  on  the  right  side  of  Eq.  (1)  change  with  distance  along  the 
axis  of  the  duct.  For  example,  in  a  converging  nozzle  the  area  decreases  from  the 
reservoir  (where  the  flow  enters)  to  the  exit  of  the  nozzle.  The  velocity  continuously 
increases  from  essentially  zero  at  the  reservoir  to  a  maximum  value  at  the  exit, 
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and  the  density  decreases  from  the  reservoir  to  the  exit. 


To  determine  how  the  pressure  varies  along  the  axis  of  a  variable  area  duct 
for  the  flow  of  a  compressible  gas,  it  is  necessary  to  solve  the  mechanical  energy 
balance  obtained  from  the  equation  for  the  conservation  of  momentum.  This 
equation  in  differential  form  for  one-dimensional  flow  is: 

,dP  ju2dx  ... 

udu  +  —  +  gdz  +  - - =  0  (2) 

p  2D 

where  the  terms  represent  kinetic  energy,  pressure-volume  work,  potential  en¬ 
ergy,  and  energy  loss  to  friction. 


If  the  flow  is  incompressible  (constant  density)  and  frictionless,  Eq.  (2)  can 
be  integrated  to  give  Bernouli’s  equation,  which  is: 


+  +  8z2 


+  gz-i  =  ~L~ 

2  Pi  2  p2 

Subscripts  1  and  2  refer  to  entrance  and  exit  conditions  for  the  duct. 


(3) 


Bernouli’s  equation  can  be  used  for  gas  flow  when  the  density  change  is  less 
than  10  percent,  which  limits  the  flow  to  a  Mach  number  of  less  than  0.2.  The 
Mach  number,  M  -  u/u5,  is  the  ratio  of  the  gas  velocity  to  the  velocity  of  sound  at 
the  temperature  of  the  gas,  T.  The  velocity  of  sound  for  an  ideal  gas  can  be  com¬ 
puted  using  us  =  ( kRT)]rl  where  k  =  CplCv  is  the  ratio  of  the  heat  capacities  at  con¬ 
stant  pressure  and  constant  volume,  and  is  equal  to  1.4  for  an  ideal  gas.  R  is  the 
universal  gas  constant,  1.995  m2/sec2  K  or  1718  ft2/sec2  R. 


When  the  flow  is  compressible,  the  mechanical  energy  balance,  Eq.  (2),  must 
be  solved  simultaneously  with  the  continuity  equation,  Eq.  (1),  and  energy  equation 
(first  law  of  thermodynamics).  Also,  the  potential  energy  change  for  gas  flow, 
gdz,  is  small  compared  to  the  other  terms,  and  can  be  neglected.  However,  the 
density,  p,  is  a  function  of  pressure,  and  the  term  dP! p  must  be  integrated  along 
the  duct.  This  gives  two  cases  for  the  solution  of  Eq.  (2).  One  is  adiabatic  flow  in 
a  constant  area  duct  with  friction,  i.e.,  a  pipeline,  and  the  other  is  adiabatic  and 
isentropic  flow  (no  friction)  in  a  variable  area  duct,  i.e.,  a  nozzle. 

For  the  case  of  adiabatic  flow  in  a  variable  area  duct,  a  simple  relation  for  an 
ideal  gas  with  a  Prandtl  number  of  3/4  is  obtained  from  the  solution  of  the  energy 
equation  which  is  given  below: 

Cp(T-To)  +  Ym0  (4) 

This  is  a  design  equation  for  both  nozzle  and  pipeline  flow. 

The  ideal  gas  equation  of  state  is  required  for  the  solution  of  compressible 
flow  problems,  and  it  is: 

P  =  pRT/Mw  (5) 
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where  Mw  is  the  molecular  weight  of  the  gas. 


Isentropic  Flow  in  Nozzles 


There  are  many  forms  of  the  equations  for  the  solution  of  isentropic  flow  in  a 
nozzle,  and  these  are  based  on  flow  through  a  nozzle  that  is  upstream  from  a 
large  reservoir.  The  velocity  is  essentially  zero  at  the  entrance  to  the  nozzle,  and 
the  temperature  and  pressure  are  that  of  the  reservoir.  The  following  equations 
are  a  convenient  way  to  present  some  of  the  results  for  this  flow. 


First,  for  a  given  mass  flow  rate,  w,  consider  the  pressure,  P,  along  the  axis  of 
a  nozzle  to  be  the  independent  variable.  The  velocity  can  be  computed  as  a 
function  of  this  pressure  by  integrating  Eq.  (2)  ( udu  +  dP/ p  =  0)  using  stagnation 
conditions,  where  u0  =  0  at  PQ  and  T0  to  the  velocity  u  at  P  and  T  at  points  along 
the  axis  of  the  duct.  This  gives: 


u 


2  kPn  x 

Po(*-l) 


p_f-m 

Pol 


1/2 


(6) 


This  shows  that  the  velocity  increases  with  decreasing  pressure  along  the  axis  of 
the  duct. 


The  temperature  at  this  point  is  obtained  from  Eq.  (5)  as: 

M2 

T  =  To-\  (?) 

This  shows  that  the  temperature  decreases  along  the  axis  of  the  duct. 

The  density  is  given  by  the  following  equation: 


This  cross-sectional  area  of  the  duct  is  computed  from  the  continuity  equation: 

A  =  w/pu  (9) 

In  the  above  equation,  the  mass  flow  rate,  w,  in  the  numerator  is  constant,  and 
the  denominator  is  the  product  of  an  increasing  velocity  and  decreasing  density. 
Beginning  at  the  entrance  of  the  duct,  the  area  will  decrease  as  the  velocity 
increases  to  the  point  where  the  velocity  is  equal  to  the  velocity  of  sound  [u  = 
{kRT)^)\.  Then  the  area  will  increase  so  the  velocity  can  continue  to  increase. 
The  point  of  minimum  area  is  called  the  throat  of  the  nozzle.  There  is  subsonic 
flow  in  the  converging  section  before  the  throat,  and  supersonic  flow  in  the 
diverging  section  past  the  throat.  This  design  is  called  a  converging-diverging 
nozzle,  and  it  is  required  on  jet  and  rocket  engines  to  have  supersonic  flow 
exiting  the  nozzle. 

The  Mach  number,  M,  is  defined  as  the  ratio  of  the  fluid  velocity  to  the 
velocity  of  sound. 
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u 


(10) 


M  = 


(kRT)m 


The  Mach  number  is  the  independent  variable  in  many  solutions  of  the  equations 
for  compressible  flow. 


Other  useful  relations  that  relate  the  temperature  T,  pressure  P,  density  p,  and 
enthalpy  H  and  which  are  applicable  to  isentropic  flow  in  a  nozzle  include: 


a 


*/(*-!) 


JP_ 

Po 


!/(*-!) 


(11) 


and 


H  =  H0  +  Cp(T-  Ta)  (12) 

In  summary,  the  velocity  increases  and  the  temperature  and  density  decrease 
as  the  pressure  decreases  along  the  nozzle  axis.  The  cross-sectional  area  of  the 
nozzle  goes  through  a  minimum  as  the  pressure  decreases  along  the  nozzle.  The 
velocity  reaches  the  velocity  of  sound  at  this  minimum  area,  and  a  small  pressure 
wave  cannot  pass  this  point  which  is  required  to  have  the  pressure  profile  read¬ 
justed  to  increase  the  rate  of  flow.  Consequently,  the  mass  flow  rate  is  at  its 
maximum  value,  and  the  flow  is  said  to  be  choked.  The  velocity  increases  in  the 
diverging  section  and  is  supersonic  (Mach  number  greater  than  one).  The  flow  in 
the  converging  section  is  subsonic  (Mach  number  less  than  one),  and  the  velocity 
at  the  throat  is  sonic  (Mach  number  equal  to  one).  For  an  ideal  gas,  the  conditions 

at  the  throat  can  be  computed  using  the  following  equations: 

*  *  * 

—  =  0.8333  —  =  0.5283  =  0.6339  (13) 

T0  P0  pG  V  7 

and  the  maximum  mass  flow  rate  can  be  computed  using  the  following  equation: 

w  \kPn2(  2 
A  |  RTa  =  1/ 

More  elaborate  experimental  and  theoretical  methods  are  required  to  relate 
the  variation  of  the  area  with  axial  distance  to  have  a  properly  designed  nozzle. 
However,  for  the  range  of  industrial  applications,  this  information  is  available 
from  manufacturers.  Specifying  upstream  and  downstream  conditions  from  these 
calculation  procedures  are  sufficient  for  use  in  determining  the  correct  length  of 
nozzles. 


Finally,  nozzles  provide  a  high-velocity  gas  stream  to  impinge  on  blades  in 
turbines  and  provide  thrust  in  jet  and  rocket  engines.  The  flow  in  converging- 
diverging  nozzles  was  described,  and  design  equations  presented.  Additional  in¬ 
formation  about  flow  in  blade  passages  is  given  later  in  this  chapter. 
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Step-by-Step  Solutions  to 
Problems  in  this  Chapter,  4 

“Flow  Through  Nozzles  and 
Blade  Passages”  I 


STAGNATION  PROPERTIES 


•  PROBLEM  12-1 


Superheated  steam»  at  400  psia  and  600°F,  is  flowing 
through  a  pipe  with  a  velocity  of  300  ft/sec.  The  flow 
starts  from  a  point  10  ft.  above  the  lowest  part  of  the 
pipe  line  system.  Determine  the  stagnation  properties. 


'  >  u .  I 

- 

Solution :  Pj  =  400  psia  ...  ► 

Tx  =  600  °F  ‘ 

At  Pj  and  rT1  from  steam  tables 

Enthalpy  =  1307.4  Btu/lb,  entropy  Sx  =  1,5901  Btu/lb°F 

J 

and  specific  volume  vx  =  1.4763  ft3/lb. 


Therefore  the  stagnation  pressure  is 

P  =  p  +  X  +  JL 
+  2gVl  +  Vl 


Therefore 


'  Pn  =  400  + 


(300  x  12) 


2x( 32. 2x12 )x [1, 4763^(12) 3 ] 


(10  x 12) 


[ 1 .4763x( 12 ) 3 ] 
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=  406.62  psia. 


Stagnation  enthalpy 


hn  -  h,  + 


2Jg  J 


_  ,,n7  4  +  ( 300 ) 2  _10_ 

-  1307.4  +  2x778*32.2  +  778 


]  =  1309.21  Btu/lb . 

*  .  *  4  I  v  W  -%  ■  .  •  !  .-H  r 

And  stagnation,  entropy*.—  S0  =  =  1.5901  Btu/lb~°F 

'  •  -  '  i  v  "  * '  1  ’ 

1  Therefore  for  stagnation'  pressure  Po  =406.62  psia  and 
stagnation  enthalpy  h0  =  1309.21  Btu/lb  from  steam  tables, 
by  interpolation.  .  ' '  ,  . 

Stagnation  temperature  is  -  605°F  and  stagnation  den- 


P  0  =  Tr  = 


1 

1.4643 


=  0.683  lb/ft 


1  ' 


•  PROBLEM  12-2 


A  pipethas  air  flowing  through  it  steadily  with  a  mass 
flow  rate  of  35  lbm/s-ft2.  In  the  first  section  of  the 
pipe,  the  pressure  and  temperature  of  the  air  are  60 
psia  and  100 °F.  In  another  section  of  pipe  further 
downstream,  the  pressure  is  40  psia.  Calculate  the  vel¬ 
ocity  and  the  Mach  number  of  the  airflow  at  the  second 
section  of  the  pipe.  Assume  the  pipe  has  a  constant 
area,  no  heat  transfer,  no  change5 in  potential  energy, 
the  flow  is  one-dimensional  and  air  is  an  ideal  gas  with 
constant  specific  heats  of  CD  =  0.24  Btu/lbm’°R  and 
Cv=  0.171  Btu/lbm  °R.  P 

-  t  -i'-r  '  '  '  * 


Solution:  To  calculate  the  velocity  and  the  Mach  number  at 
the  second  section,  the’  temperature  at  this  section  must  be 
obtained.  From  the  first  law  and  the  continuity  equation. 


2  \  ^ 

-d  ?  =  h 

&n  1.4  J 


2  +  \ 


For  an  ideal  gas, 


hi  -  h 2  =  Cp ( T i  -  T 2 ) 


-  V!  = 


786 


V  2  = 


RT 


Combining  the  above  equations  it  is  obtained 

2  .  -  .  r. 


C  (Tj-T?}  -  5?  R 2  fTal  2 

Cp(T,  T.)  j—  |p-j  - 


fTj.' 

'l. 


Substituting  the  values^it  reduces  to 

0.24  yjffi  (560  -T2)°R  =  (  35  )  2  .(1^86/29  )2  Btu  2 

1bm°R  v  7  S2ft**  2(32.2)  lbm20R2 


Ibf «S2 
lbm/f t 


T*2 


560 


On  2 


lbf 2 / ft 4 


■] 


(40x144) 2  (60x144 ) 2 

—  ^  - 
778  ft  lbf/Btu  v 

134.4  -  0.24T2  =  69.41  j^3 .014  x  10”8T22  -  0.0042 
134.4  -  0.24T2  =  2 . 09  x  10” 6T22  -  0.2916 
2.09  x  10-6T22  +  0 . 24T2  -  134.692  =  0 
T22  +  1.14874  x  105T2  -  6.4469346  x  107  ■  0  11 

_  -1.14874x10s  ±yTl.l4874xl05)2  +  4( 1 ) ( 6 . 4469x10 7 ) 

——j 


T2  = 
Therefore 


T2  =  554 °R 

For  an  ideal  gas,  the  velocity  of  sound  is, 

1 

c  =  AgcRT  (k 1.4  for  air)  ?  ‘ 

at  T2  =  554°  R, 


C2 


4x 32 . 2xl545x554j 2  ft/sec 


29 


C2  =  1153  ft/sec 
From  the  equation  of  <  continuity , 


m  —  Pj  — 

A  ~  p2V2  “  rt7  V2 


Therefore 


rr  _  35x1545x554 
2  29x40x144  j 


v2  =  179  ft/sec 

Therefore  the  Mach  number  is, 

m  -  v2  _  179  _  n 
Mz  c 2  ~  1153  ~  °*155 


=1?  • 

t  K 


787 


■>n 

(-F 


•  PROBLEM  12-3 


An  air  diffuser,  has  ;an  ef f iciency  ,of  70  percent.  The 
air  enters  at  333°K  and  1,02  atm,  and  leaves  at  2.8  atm. 
Calculate  the  pressure  coefficient''  and?the  initial  ve¬ 
locity.  Assume  *  l*'4  •  "  v-.  ,  1  . 


Cpair  ~  constant  •  =.  0.24  cal/g°C  r  and  kair  =  1.4 


£  ‘  r  *  - 

Solution:  From  the  figure,  it  can  be  seen  that  P2 = P2  =2.8 

atm,  where  the  prime  refers -to  the  actual  state  (including 
the  efficiency).  The  theoretical  process  is  an  isentropic 
one  and  hence,  the ^appropriate  relations  are  used.  T2  is  ob 
tained  by  using  the  equation: 


fp  1  (k-i  )/k  F  o  0  'i  (  1.4-1  )/i.4 

T2  1  Pi  I  '  1.02J 

=  444  °K  .  ■  *  -v 

-  -  \  *  * 

The  actual  temperature  T2*,:  iS^obtained  by  'using  the  dif¬ 
fuser  efficiency,  that  is  ^ 

^  _  T?-T,  _  _  _n  _  444  -  333 
e  Tz*  -t\  0,70  T2  r  -  333 

4  { 

T?'  «  T_  =  492  °K  '*  * 


Using  kinetic  energy  and  an  energy  balance  the  initial 
velocity  is  obtained,  that,  is  .  ...  *  t  .#'»■ 


788 


J  =  427 


J  =  778 


2 -  (The  value  of  J  is  obtained 

as,  shown  below.  )  ,iik 


T  —  77R  lBtu-  ■  ( 0 . 3048 )meters  Ke 

J  778  TO“X  252cal  x  - - ^ft - ><  (0-45359)  ^ 


'*  Vi000£  =  427  “-If 


[fc  C  ^  ll  (  . 

2x9.8  m/sec2  x  427  x  6.24  (492  -  333)  °k|  * 

.  * -•  cal  g°K  j 

Vi  -  565  m/sec.  .r:.  .  ,  i  .  ^ 

The  pressure  coefficient,  n,  can  be  calculated  by 


P7  -  P 


nr  ~  p-2, ~  p|  where  P^  is  the  pressure  along  the 


line,  1-  b  (see  figure)-.  ,ri‘  :  ;  ‘  ‘  V  ‘ 

'  .  .  /  Up  f  '02  f 4921s-5 

...  •  b  •••  '  KJft-r-t*  7..  V  [333J; . 

"W  =■  4  atm  ~ 

Therefore,  =  2.8  -  1.02  n  ,,Q7 

•H i-.J-  *  nr  ■  4-1.02  •  7  ^  ' 

.  **  >  -  ’  •*  *  <*#  *^£1  .-diufi  '*4*  *  *•*>$ 


vv-4-**n  ;  -♦ 


-  I  ■ 


•i!F-T„4  '■* 


•  PROBLEM  12-4 


Using  the  steam  tables,  calculate,1  the  velocity  in  a 
nozzle  at  a  point  where  the ‘pressure  is  40  Psia  when 
the  superheated  steam  flows  from  -a  boiler.  The  initial 
boiler  conditions  are  , 

| 

P(pressure)  =  80  Psia,  T( temperature )  =  500 °F,.,  and 

S' 

V  ■  L-  : 

V(velocity)  =  0.  ‘  t. 


Solution :  From  the  steam  tables,  knowing  the  initial  condi¬ 

tions,  it  is  obtained,  ^ 

hQ  - v 1281 . 1  Btu/lbm 

.  *•  -  * 

SQ  =’ 1.7346  Btu/lbm0 R 


This  process  is  isoentropic;( ^Therefore,  the  initial  en¬ 
tropy  is  equal  to-  the  final  entropy.  At  S  =  1.7346  Btu/lbm°R 
and  P  =  40  Psia  by-interpolation 

Tf  =  357°  F  ^  "  ;  ;  -  t. 


h„  =.,,1215.1  Btu/lbm  i'  > 

>.  f  *  *  ■  1  ,  -  * : 


Therefore, 


V  =  /2(h0-hf)gc 


V  =  /2X(1281. 1-1215. l)Btu/lbm.x  778.26  ft-lb  32.2Jlbm-ft 


«  .  V  «  -/I 


lb*sec 


=  1819  ft/sec 

t  i.  1*1  :  i-  * 


-  i"9  #f.  ■  t- 


?  '  &  * 


**  i  -"**■* 


•  PROBLEM  12-5 


An  adiabatically  run  air  turbine  has  a  nozzle  of  4  -in.  * 
diameter.  The  air  flowing  through  the  nozzle,  has  a 
pressure  of  735  psia,  and  a  temperature  of  350 °R.  Cal¬ 
culate  the  air  velocity  as  a  function  of  Pi/P  i  and  also 
the  maximum  output  of  air  if  k  =  1.35/ 


„  !:  ’  Tt  l  *  *  - 

Solution :  The  air  velocity  is  calculated  by  using  the  velo¬ 

city  equation  for  flow  through  turbines,  i.e. 

f  rt  v  1  ^  P  (v  ,  1 )  /K~l  ^ 


v  =  f2g  SI  _K_]4  fl  .fPll  (K'1)/K 
gc  M  K-lJ  x  lp2J 

K>  ■  •*  ►  ' 

•-*  r  '■  — 

V  =2.08*  10  3  [l  -  f  f  t/s< 


i-i  ■  . .  i..* 

V  ?  . 


t  »  -  .j  * 

Tabulated  results 


p  /p 

2  1 

v 

'  T  1  " 

0  ~  ■ 

0.9 

341 

0.8 

492 

0.7 

616 

V.  ;  „  0.6  > 

4733 

0.5 

843  ,  * 

0.4 

955 

0.3! 

1080  ,  * 

0.2 

1220 

i-ri0’1 

.1390 

T  o 

2080 

790 


To  calculate  maximum  air  output, 


'Zil  '  ■  .  f_2_ 

Pl  J  critical  (.1+K 

f^W]  =  0.536 

t7d5J.criticar 


2  VK/K+  i’ 


=  0.536 


•!•-  *  ?...  '  ..  * 


Pz  critical  =  394  psla 


*  i 


4  ^ 

critical  velocity(Vc)  =  2,08xl03jl  -  |||i|  ^  =  803  ft/j 


critical  specific  volume  (v  )  =  — RT i-/ MP^ 


0.177 


0  (P2/Pi).i/K  (P2/Pi)„i/K 


-  -0.177 


=  0.28 


volumecriticai  =  0.28  «3/lbm 

■3r"‘  velocity  Qno 

critical  mass  velocity  =  G  =  - —  - 

c  Spvolumec  0,28 


=  2868  lbm/ft2sec 


+ 

max.  amount  of  air  =  Wmax  =  A.G<>  Jx  (£]  *  x  G( 


=  0.873 X  10“3  X  2868  =  2.5  lb/sec. 


NOZZLE  EXIT  CONDITIONS 


•  PROBLEM  12-6 


Air  is  flowing  tnrough  a  nozzle  with  a  90%  efficiency  and 
an  expansion  rate  of  2.0  Kg/s.  The  inlet  conditions  are 
P  =  550kPa  and  T  =  680 °K.  If  the  exit  pressure  is  120kPa 
calculate  the  actual  exit  area,  velocity  and  enthalpy . 
Assume  K  =  1.4. 


Solution :  The  temperature  T2  is  given  by 

(k-i)/ k 


=  Tin 

UPiJ 


'=  680 


120l 


0-286 


[55OJ 


=  440°K 

f 


The  efficiency  of  the  nozzle 


or 


✓  x* ♦  «  \  ho  “  h 2 T  _  T 0  ~  T 2  1  ^  a"  00  f 

n(efficiency)  =  ho-rfa;'  '  *  °-00 

680  -TV  =  o  9  ‘ 

680  -  440  u** 

*  ’’  'n  0 

Therefore  the  exit  temperature  (T2')  =  464  K 

The  exit  enthalpy(h2  1  )  =  CpT2  '  =  1.004x464  =  465.8  KJ/kg 
.The*  velocity( V2 ' )  =  /2(hQ~hi ) =  /2Cp(TQ-T2 ' ) 


Specific  volume  =  -p 


=  /2x 1004 x (680-464 )  =  658  m/s 
=  1.109  m3 /kg 


120,000 


The  exit  area 


m( specific  volume)  _  ( 2 ) ( 1 . 109 ) 


v  2  * 

=  3.37  x  10~3m2 


658 


•  PROBLEM  12-7 


Air  is  flowing  through  a  nozzle  at  a  rate  of  5  lb/sec. 

The  inlet  pressure  and  temperature  is  200  psia  and  400°F 
respectively.  The  outlet  pressure  is  20  psia  and  the  ef¬ 
ficiency  of  the  nozzle  is  85%.  Calculate  the  exit  velo¬ 
city  and  the  exit  areas  for  the  nozzle. 

Assume  C  =  0.24  Btu/lbm°F  and  k  =  1.4. 


Solution : 


T2 


T 1 


fp^Ck-O/.k 

[ptJ 


445°R 


v  t 


The  corrected  temperature  T2 '  according  to  the  nozzle  ef¬ 
ficiency  is  * 
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■  Cp(Ti-T2)-=<nCpCT1-T2)  .  *■  .* 

t2*  =  Ti  -  n(Ti-T2) 

=  860  -  0.85(860  -  445) 

T 2  *  "=  507°R  :f 

Exit  velocity  V2  -  >/ 2g  C  (Ti-T^'^)  ?' 

C  P  ;  J' »  1 

=  V  2x32x0. 24x778x(  860-507 )’  ■,  ■ 

=  2060  ft/sec  *  t  _ 

Volume  =  5£2— 
p2 

\  =  U. 

1545  fflbf/lb  mol.  °R  x  507°R 
20  lbf/in2!i 


1545  ft  •  lb  ,/lb  mol0R''.1iS-.-”°I  x  507°R 
Volume  =  - i - 2.g.!.b.?. _ 

lb,  *  -  - ■ 

20  — -  144in  2 /ft  2 

in2  &■■■  *  ,x. 


i 


1545x507  _  0.37x507 
20x144x29"  20 


9.37  ft 3 /lb 


*  •  a 

■< 


ir 


Exit  area 
Exit  area 


W  (volume) 
velocity 

=  0.0227  ft2 


(5  lb/sec ) ( 9 . 37  ft3/lb) 
(2060  ft/sec) 


•  PROBLEM  12-8 


A  tube  with  an  internal  diameter  3  in.  has  air  travel¬ 
ing  through  it.  The  entering  air  has  a  density  of  0.409, 
a  velocity  of  250  ft/sec,  and  is  at  a  temperature  and 
pressure  of  660 °K  and  6.805  atm.  Calculate  the  final 
conditions  and  exit  velocity  if  the  air  is  heated  by 
600  Btu/sec.  Use  the  following  data  to  solve  the  prob- 


Data 

mean  CD(at  660°R)=0.24 
mean  Cp(0.<T<T2)  =  0.248 


793 


Solution  :  G  =  P1V1  -  0.409  *  250  '=  102.25  lb/ft2sec 

and>  102  ^[ttx32/4]  1  e  \1.# 

GA  =  - ±-r-z — 1 — -  =  5.0  lb/sec 

-=  v  -  M.  ;144C 

Therefore  the  amount  of  heat., added  per  pound  is, 

65°°0  Blb%eecC  '  12b  BtU/lb  "  ‘ 


P 2  can  be  solved  for  by  usings  the  equation, 

=  ( 6 . 805atm)x  |l4 . 696 


p2+^i_  .  pi+  G2 


Scpz 


1  g„Pi 


x  ( 144in2 /f  t 2  )  + - - - 

.  * t  >  ,  (32.17)(0.409) 


=  15,195  psfa 


L-  .♦ 


p»*(32-?lty(pl)  g'15'19b  ps/a- 


however,  assuming  ideal  gas  behavior 

*  •  .  «  l  ' 

P2  =  p2 RT2 ,  R  =  53. 35  .  * 


Therefore  .  -  >  .  >.  • 

53 . 35p  2  T2  +  =  15 ,  i95  '  ♦  1  * 

P  2 

from  the  data;  mean  Cp=.  0.24  Btu/lb°F  (at  660°R) 
\  *  1 


(1) 


Therefore 


V2Z 

2g, 


2502 


,  j 


2x32*17x778 


+  120 


(Therefore  iA  ,>  v  2 

h2.  +  =  ,169.26 

. .  •;  2gc 

*v  :i~  ’k  ,  ■  ,  li  ii  *  ?  i}  L .  ' 


.f  * 


;  ; 


|  For  0 <^T  <  T2  mean  *=  0.248 


1,  - .. 


>OV" 


•J;  . 

0.248T2  + 


,  2gc  .p2  x778 


.  .  I 

=  0.248T2,  + 


(102,25) 


/ 

2  < 


Therefore 


or 


0.248T2 


,  0.21  _ 

(.4  p2 


,  *  ^  si.. 

=  169.26 

169 . 26 


,  2(32)(p2  )2  778 


■  (  *  -i  f  r\  91'  '  it 

0.248p2T2  +  =  169.26  p2 

- 1  P  2 


(2) 
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53.35p2T2  +  ^  =  15195 
P  2 


divide  eq.(l)  by  215.1 


0.248p2T2  +  =  v 70 . 64 

P  2 


subtract  eq.(2)  from  eq.(la) 
■  -1.3 


P  2 


=  169 . 26p2  -  70.64 


or 


-1.3  =  169. 26p2  -  70 . 64p 2 

2 

169. 26p j  -  70 . 64p 2  +  1.3  =  0 


Using  the  quadratic  equation, 


if 


v 


or 


_  +70.64±/(-70.64)2  -  4( 169 . 26 ) ( 1. 3 ) 
M2  2(169.26) 

p2  =  0.019  lb/ft3 

p2  =  0.398  lb/ft3 


Using  the  latter  root,  from  equation  (2) 

0. 248(0. 398)T2  +  q'^qQ  =  169.96(0,398) 


or 


Therefore 


T2  =  679 . 97°F 


Pz  =  p  2RT2  =  (0 . 398 )(53.35)(1139,97) 


-  24,205  psfa 

-  168  psia 


or 


=  169.26  -  (0 . 248) (679 . 97) 


V2 

(2gc)(778)  “  0,627 
V*  =  31,407 


Therefore , 
or 


V2  =  177  ft/sec 
V2 


PiVi 

Pi 


(0 . 409 ) ( 250 ) 
(0.398) 


=  256  ft/sec 


(1) 

(la) 
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•  PROBLEM  12-9 


A  nozzle  has  air  flowing  through  it  at  a  rate  of 
0.25lb/sec.  The  inlet  conditions  are;  =  35  psia, 

=  650  °R  and  specific  volume  -  6.0  ft3/lb.  The  air 

enters  with  a  velocity  of  550  fps  and  leaves  with  a 
pressure  of  18  psia.  Compute  the  nozzle  outlet  cross- 
sectional  area.  Assume  that  the  air  expands  inside  the 
nozzle  f rictionlessly  according  to  the  relation 
pv 1,4  =  constant  and  that  the  change  in  elevation  between 
inlet  and  outlet  is  negligible. 


Solution :  The  outlet  specific  volume  (V2)  is  found  by  using 

the  equation,  p  iv  i  104  =  p  2v  2  ^ ,  since  Vi  and  both  pressures  are 
known . 

The  outlet  velocity  V2  can  be  calculated  by  using  the 
expression. 

(2  V2  V2 

W  *  -  vdp - ( z  2*~ z  !  ) 

r  ec  &c 

From  these  values,  the  outlet  area  can  be  obtained  by 
the  use  of  the  continuity  equation, 


Using  the  equation  pv 1-4  =  const., 


v2  =  v  1 


fp,!  V  1*"-  . 

=  6(35/18)V1-4  =  9.65  ft3/lb 


Since  there  is  no  work  done  on  or  by  the  air,  and  the 
elevation  change  is  negligible,  the  work  expression  reduces 

t°>  2  T7  2  _  o 


V2  V2 

2  -  I 

2g„ 


(4 

i  _ 

'  J 


V!  is  known  and  the  right-hand  side  can  be  integrated 
since  v  is  a  function  of  p.  This  allows  for  the  calculation 
of  V  . 


Therefore 


Vz  V 
2  - 
2g„ 


f2 

=  -w  -  vdp  -  ( z  2  — z  i  ) 

V  gc 

V2  V2  ,  ,2 

- - -  =  0  -  C  V  ^  I  —  1  /  1.4  . 

2g„  u  °  J  p  1/1  dp  - 


-1  /  1.4 


dp  -  0 
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1.4  ffP2l  l“  l/l-“  "I 

-  -  O^P.^UpfJ  ,, 

■  -  H  (35)(6.oV(144)[]i|]‘'‘/l'‘‘!11 

/  4  ~~  ' 

-  18,314  ft-lb/lb  .. 


V2  =  ✓2(32, 2) (18,314) +  (550)^ 

=  1217  ft/sec 

Therefore  the  exit  nozzle  area  is 


A  2  = 


_  MV2  _  0.25  x  9.65 


A2  =  0.0019  ft2 


•  PROBLEM  12-10 


A  converging  nozzle  has  air  flowing  through  it.  Calcu¬ 
late  the  stagnation  temperature  Tq  and  pressure  pQ  if 

at  point  A  within  the  nozzle,  PA  =  40  psia,  TA  =  2000°R, 

VA  =  500  ft/sec  and  AA  (cross-sectional  area)  =  0.2ft2.  ' 

Also  calculate  the  sonic  velocity,  mach  number  at  this 
section  and  the  exit  area  Ag,  exit  pressure  Pg,  temper¬ 
ature  Tg,  and  velocity  Vg  if  the  exit  mach  number  is  one. 
Assume  air  to  be  an  ideal  gas  with  y  =  1.40. 
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Therefore , 


:  -  iJ,  JJL  •*  (2021  It1*4//  1<4" 

[2000 J  '  * 


po  =  40  TnT 


t  *  =  41  lb/in2 

j  :  '*  J  ' 

The  sonic  velocity  is 

c„  =  /yrt7 


C.  ■  11.4  X  53.35  fljf-Tgx  2000°R  x  32.2 


lbm 'ft 
lb  sec' 


=  2193  ft/sec 


The  mach  number  is , 
V 


MA  "  C.  2193  0,228 

A 


The  exit  pressure  is 
P, 


Y-  -  jr  -  0.528 
o 


*  t-  %  «"'UI 

Therefore * 


•v  '0 

’ The  exit  velocity  is 

•••'  -  •  ‘v  ' :  t 


P0  =  0.528Pq  =  0 . 528(41psia)  =  21.65  lb/in 


v„  =  c„-  =  Ux 


B 

i  1 
4 


lY+l  RT  =  j  *  ! .  '  "  ‘  .. 

.  ss  f2 X1 * 4  vcq  oc  ft* lb  v  qo  o  lbm  f t  ^ 
“  a  U •  4+1  'X  53,35  ib^oR  *22,2  Tbsec"*  " 


.. .  =  2013  ft/sec 

The  exit  temperature  is, 

t 


T  ss  -  — - 
B  y+1 


To  ■  (r~§+rj (2021°R) 


i  ■< 

.  n. 


Tb  =  1684 °R 


.  I 


To  calculate  the  exit  area,  the  mass  rate  of  flow  is  re¬ 
quired  .  Therefore , 

lb 


40  TJP*X  144  in  /ft 


PA  "  RTA  ‘  53.35  |g4|  2000 °R 


PA  -  0.054  lbm/f  t 3  ‘ 
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Find  the  throat  area,  exit  area  and  the  exit  Mach  number 
for  a  nozzle  having  an  efficiency  of  90%.  The  initial 
air  pressure  and  temperature  are  60  psia  and  1500°R  re¬ 
spectively.  The  air  mass  flow  rate  is  0.6  lb/sec  and 
the  exit  pressure  is  14.696  psia. 


Solution :  The  air  flow  is  assumed  to  be  ideal.  Therefore, 

the  throat  pressure  is  calculated  by 


of  2  lWk-O 
i  [k+X  (  |V* ' 

(  0  1.4  /  1.4  - 1 

0  ■  60(i7§+t] 


Therefore , 


=  60 
c 


=  60  x  0.53 


31.8  psia;,. 


The  throat  temperature  is  obtained  by  the  use  of  the 
isentropic  expansion  equation.  t  t\\ 


Therefore, 


Pc  k 


r T  •  =  1500 
c 


(31.81 

60 


1.4“1  /  1.4 


=  1251°R 


The  throat  velocity  is 


Vc  =  /2gJcpTi (I-T2/T1 


Therefore,  r^T  -  ■'  J  r 

Vo  =  [2x32.2  5||rx778fi^x0.24  ^x  ( 1500-1251 )  »R 
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=  1730  ft/sec  > «  •  s  _  ^ 

H  '' 

The  throat  specific  volume  is  calculated  by  using  the 
ideal  gas  equation 

'  v  i  *  '  ^ 

=  53.35  ft »lbf /lbm°Rxl251°R 
vc  ( 31 . 8x144 ) lbf / f t2  „  .  f  ,  ,  -j 

=  14.6  ft 3 /lb  v 

f  0  '  -*■- 

'  J  tl 

The  area  of  the  throat  is  given  by 

u  =  AiIl  «  A 2V2. 

Vi  v2 


Therefore,  *  •  _7  ■*,  ,  t 


t-~  r  oC  0 . 6  ^lbm/sec  = 


t A  x  1730  ft/sec  > 


.4  SO". 


14.6  ft  3/lbm 


Ac  =  0.0051  ft2  =  0." 729  inch2 

4*;  T  * 


[  ,  "  S? 


'>is,  ^ 

•  •  T  r 


The  exit  isentropic  temperature  is  given  by 


T2I  _  r  f  14 . 696 


1.4-1/  1.4 

a  'LL’.:  *'  f 


Therefore, 


4  *  1  '  » 

T2  =  1500(0.67)  f 


=  1004 °R 


t  ion , 


The  actual  exit  velocity  is  obtained  by  using  the  equa¬ 


te  ;  *  *  .  * 


V*(  actual)  =  •'2gJ(hi-hs)nn 


i  .1 »;  c?  < 


1  =  CpT! 


Therefore , 


i  1 


2 ( actual 


2 ( actual 


)  =  ^2x32?. 


2f  t/secx778f  t-lb/Btux0 . 24' 
x  ( 1500-1004 ) °Rx0 . 90 


^  =  2317  ft/sec.  ^  \  «.  .  * 


tion , 


The  actual  exit  temperature  is  calculated  by  the  equa- 


,1N(h‘-h2)ideaX 


cs  ■  -• 4  ■-  ■ 

.  =  (hi-h2 )  A 

I  v  *  '  QATllO 


actual 
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nNCp(T‘-T2)ideal  ■  VT'-T*  Actual 


Therefore, 


0.90(1500-1004)  =  1500  -  T 


2actual 


T2actual  “  1054°R 


The  exit  specific  volume  is  calculated  by  the  ideal  gas 
equation  using  P  .  =  14.696  psia  and  T  ..  =  1054°R. 

GXlt  6X11 

Therefore ,  :  ij 

vexit  =  53-35  ft-lbf/lb°R  »  14  6g6  x  144 Abf/ft2 


vexit  "  26-4  ftS/lb 


fore. 


The  exit  area  is  obtained  by  the  same  method  used  be- 


A  x  2317  ft/sec 
0.6  lb/sec  26.4  ft  3/lb 

A  =  0.0068  ft2  =  0.98  in2 
exit 

The  acoustic  velocity  at  the  exit  is, 

Vexit  '  /«kRTactual  '  "  ,  .  f 

Vexit  =  (32-2  ft/sec2  x  1.4  x  53.35  fflb/lb°R  x  1054°R) 
=  1592  ft/sec 


Therefore  the  Mach  number  is 


4  •  PROBLEM  12-12 

Steam,  flowing  through  a  convergent  nozzle,  is  subjected 
to  isentropic  expansion.  The  pressure  and  enthalpiy  at 
the  inlet  and  outlet  are  given  in  the  figure  (l),"the 
pressure  and  velocity  changes  across  the  length  of  the 
nozzle  are  also  shown. 

Derive  an  expression  for  the  velocity  of  steam  at  the 
outlet  in  terms  of  enthapy  and  pressure  ratio. 
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Convergence  nozzle  sections  along 
with  (P)  and  (V)  changes  .  - 


■  >  ■  A  » 

Solution  (a):  Consider  the  nozzle  at  sections  1-1  and  2-2. 
The  energy  balance  equation  for  the  steam  flow  rate  of  unit 
weight  per  second  is  given  by  '■ 


i 


(i) 


where  H  and  V  are  enthalpy  and  velocity  of  steam  and  W  and  Q 
are  work  and  heat  transfer. 

'  I!  „  *  ; 

Since,  the  expansion  through  nozzle  is  considered  as 
isentropic,  and,  also  as  there  is  no  external  work  done 
during  the  flow  of  steam,  both  the^heat  transfer  and  work 
transfer  have  zero  values 
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Usually,  the  velocity  of  steam  entering  the  nozzle  (Vj ) 
is  very  small  as  compared  to  the  velocity  at  exit'j  and  there¬ 
fore,  Vj  can  be  neglected. 

v2  -  /2g jnrTrHT) 1 =’  V2gj ( AH  )■■  " 


lse 

=  /2*9 . 81x.427(  AH) 


ise 


1 .  e . 


.V  2  =  91.5/AH 


ise 


(3) 


Where  Ah_^se  is  the  isentropic. enthalpy  drop  per  unit 
weight  of  steam  when,  the  pressure  drop  is  from  p‘  to  p2 . 

This  is  the  general  energy  equation  irrespective  of  the 
shape .  ..  .  >  t 

(b)  The  isentropic  flow  of  steam  through  the  nozzle  may  be 
approximately  represented  by  an  equation.  \ 


pv11  =  constant 

Where  *’  n  =  1*135  for  saturated  steam 
=  1*3  for superheated  ^team 


(4) 


These  values  are  approximate  only  because  actually  the 
value  of  n  varies  during  the  expansion.  ^  ^ 

?j(  .  .  ji 

Enthalpy  of  steam  gets  reduced  during  its  isentropic  ex¬ 
pansion  as  it  flows  through  the  nozzle.  The  reduction  in  en¬ 
thalpy  results  in  an  equal  amount  of  increase  in  kinetic 
energy  as  given  by  eq.(2). 

The  work  done  during  expansion  is  equal  to  the  heat  drop 
(which  is  equal  to  Rankine  area),  - 


l  ,e . 


V22  _  Vi  =  [PiVi  -  P2V2 


2g 


2g 


n  -  1 


Where 


vi  =  (specific  of  steam  at  entry) 
v 2  =  (volume  of  steam  at  exit) 

Vi  <<  V2  and  can  be  neglected 


then 


V22  _ 


But 


-2g  =  rh  (piv>  -P2vo 

;  i 

PiVin  =  p 2 v 2 n  by  eqn.  (4) 


v  2  _  fp_i„ 
Vl  tP2( 


t 


a*  -i 


8O3 


•  PROBLEM  12-13 


Superheated  steam  at  ;330  psia  and  600 °F,  is  flowing 
through  a  nozzle  at  a  rate  of  12,000  lb/hr.  ,  The  final 
pressure  at  the  exit  is  5  psia.  1  The  velocity  coeffi¬ 
cient  and  the  discharge  coefficients  are  0.92  and  0.95 
respectively.  Calculate  a)  the  exit  jet  velocity  and 
b),  the  areas  at  the'  throat  and  the  exit. 


f  •**?  .  *  i  Jity*  ■■  “ .  .  .  •  ’ 

Solution ;  Nozzles  are  designed  at  maximum  rate  of  discharge 
The  pressure  ratio  for  maximum  discharge  is  defined  as  crit¬ 
ical  pressure  ratio  and  is  given  by 

*  n  , 

^t  f  2 

t  n  .  «  tu  ‘jr  =-  (n+rj  -  -  /  =  >  • 

+  t  *  .  . 

For  super  heated  steam  n  =  1*3 


=  0.5457. 
o  *  '*  ’  l( 

For  the  initial  conditions  , 

PQ  =  330  psia  Tq  =  600 °F 
and  mass  flow  rate  w  =  12000  lb/hr.’ 
From  steam  tables 

Enthalpy  hQ  =  1313  Btu/lb 
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Entropy  S^*=-lo6153  Btu/lb°F  t  *■.  -**  1 ' 

and  P^-=  P*  x  0.5457$**  '*  •$*'•.  ' 

,  r  =  .330  x  0,5457. '=  180  psia.,  :■.*•• 

r  *  ■  p 

At  PA  =  180  psia  and  S  =  1.6153  Btu/lb°F  from  tables 
ht  ■*  1243*4  Btu/lb  and  specific  volume  ytg  =  2,8508  ft3/lt>. 
Also  for  P 2  =  5  psia :  and  S  ■=  1.6153  *  •  # 

O  •* 

.  t:  ■*  ft&vi  -r  ••  :?• 

h2g  -  990.65  Btu/lb.  /  ' 

•V*fi  •  "r  '*•  Jf  •  .’‘•i  ^5\<r  'Hv  • 


a)  The  exit  velocity  is  given  byi?  . 

•••>’•  *  '  < 


.  -  ■>, '  5 


V2  -■  CV  /,gJ(AH).s,n:..  ^ 

/  •  .  ‘  * •  ;  1*5- , 

where. (AH)igen  =isentropic  enthalpy  drop  ^ 

•  ",tV  -  1  4‘"  *  :•  • 

=  h  -  h,  .  ‘  '.•••• 

,  •  .•  ■  $r*  "•'Hjjp  '  ,  | 

and  =  velocity  coefficient  =  0^92. 

Substituting  the  values  •  , 


V2  =  0. 92/2x 32. 2x778x( 1313-990, 65) 

*  t.  &  X  ‘i,  f>  *"LV  v  ■ 

*  V  -  3697  ft/sec  *  r  ■  * 


i  ■W’* 


4' . 


b)  The  velocity  at  the  throat  is||given  by 

vts’  -  ^2gj(AH>iSen  -  ■ . 

where.  ,,  (4H)1  -;b  ..l  ti 


fl  s’  1  £  '  J 


V  =  /2x 32. 2x778* (131 3-124 3, 4) 


=  1867.4  ft/sec 


.•  !  J'".T 


The  throat  area  is  given  by 

■  ■  ,  ■  >  .  H  ^  "  ’  *  i  ’i 

a  =  1  x  Vts 

at  C  -  « 

d  vts 


•’  li  - -i’ J  ,-v 


ift-'i- 1-  i'V 


where  C.  ■+■  coefficient  of  discharge/®  0.95 


„  _  (12000/3600);  2.8508 

t  ^  0.95  i  ’■•=  -  1867.4 


'  *  i:  A’  -• 


%  =  0.00536  ft2.^  0.772  in2;'  ^  ^ W- 
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Enthalpy  at  the -'exit  is  given  by  v  *  ■ 
hi  ’  hoV-,'1.n(h0  -h2s),; 

where  nn  is  .the  nozzle  efficiency  =  (C^)2. 

•  V?  i  ■  -  -  *•*  p  .:n  r  ;■  . 

Substituting  the  values 

-  *  J  •-  ■  £  •  . ,  -  :  r-v  it*  - .  ■  ...  t  . ,  r  . 

h2  =  1313  -^(0.92). 2  x  (1313  -  990.65) 

2l  1040  Btu/lb.  j  * . 

For  P2  =  5  psia  and  h2  =  1040  Btu/lb 

-  r  7  *  *•••'■.  . 

From  tables  specific  volume  v2  -  67.6' 
Therefore  the  exit  area  is  given  by 


a2  =  w 


XV2  *.  (12000 Vo 

v,  1  3600 


-  0.061  ft2  =  8.784  in2 . 


J  *■  i  )<i  *  V 


r  .*  .  -y.  *  -  •  , 

IMPULSE  AND  REACTION  ST  AGES, OF  TURBINES 

•  PROBLEM  12-14 


Calculate  the  internal  efficiency  and  reheat  factor  for 
a  three-stage  turbine  operating  between  an  initial  pres¬ 
sure  of  100  psia,  saturated  steam,  and  a  final  pressure 
of  1  psia.  Assume  that  the  approach  velocity  is  negli¬ 
gible,  the  stage  efficiency  is  65  percent  and  the  process 
is  isentropic.  ‘  , 


Solution :  The  intermediate  pressures,  pi,  p2  are  fixed  by 
dividing  the  overall  enthalpy  drop  into  equal  steps, 

The  initial  conditions  are:  (refer  to  the  figure) 

h  =  1187.2  Btu/lb  ) 

a  ; 


at  1.0  psia, 
and  constant 


s  =  1.6026  Btu/lb°R 

a  . 

v  ‘  '  5-  *  .  **  i 

h3  =  895  Btu/lb 
•  *  1  '  "  •  *;'<*> 

S  =.1.6026  Btu/lb°R  * 


The  enthalpy  drop  is  divided  into  three  parts 
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h  =  1090  Btu/lb  r  t  ,  Pi  '  =  .28.0  psia 


h2  =  993  Btu/lb 


P2  -  6.2  psia 


The  internal  efficiency  is  based  on  the  work  delivered 
to  the  shaft  and  does  not  consider  the  bearing  losses. 

hi  =  1187-  0.65(1187-  109.0)  =  1124  Btu/lb 

si  =  1.650  Btu/lb°R  ,,<ii :  .  *  „ 

h2r  =  1024  Btu/lb  f  ■  .  .  ’f 

h2  =  1124  -  (0.65)(1124  -  1024): =  1059  Btu/lb 

s 2  =  1.706  Btu/lb°R  f  ;  m-.= 

0  ‘  \ 

h3’  *  953  Btu/lb 


h3  =  1059  -  (0.65)(1059  -  953)  =  990  Btu/lb 

;  «  r  U  „  W  ■  -  1  >  V  '  ' 

.  T  1187  -  990 

Efficiency  =  -r- - ^r—  =  =  0.675 


1187  -  895 


=0.675 


Reheat  factor  =  ^  =  1.04 


•  PROBLEM  12-15 


Turbine  process 


■*>34.4'' 


KV®5'] 

S'  Y'SS-  !* 

t~  134.4*  \  l« 


r/-*  v 
/  * 


Compressor 

process 


Solution:  The  work  done  is  calculated  as  follows: 

figure  A  &  B) 

Wjcose  =  1,800  cosl8°  =  1712  ft/sec 

i  -  •  ' r' 

'  Wjsine  1,800  sinl8°  =  556  ft/sec 
Referring  to  Fig;' A,  r  v'  '  ■> 

Wj'  =  /(  1712  -  900) 2  +  (556)  2  *  -  ' 


{( 1712-900) is  the  actual  steam  velocity^ 
wi',  =  984  ft/secV  ' 


a  =  tan"1 =,34.4° 


(refer  to 


W 2\  is  calculated  by  .  ...  r 

(W2)2/2g  =  (1-  fraction  of  kinetic  energy  lost) 

f  * 

" xTw^  )V2g 
( w 2*  )2  =  0.9(w/  )2  =  0.9(984)2 
w2'  =  934  ft/sec 

w 2  cos 3  =  934  cos  34.4°  (since  a =3) 

'  .  '  ;  **  =  771  ft/sec 

w2‘  sine  =  934  sin  34.4°  =  528  ft/sec 

*  ■ '  t  ■  t  -  .  ‘ 

i  ,  -J 

.Since  Wb  (peripheral  velocity)  is  900  ft/sec,  W2  is 

given  by''-  ^  .  yy  t  • .  1 

;  t  i  *  V  .  ' 

Vf-  .  w2  =  /(97TO-771)5  +  (528)2  =  /JJ 528 ) 2 

‘  i 

-  =  544  ft  /sec  ;  t  1 
-  work  =  (wj cose  - w2cosy )(wfe/g) 
p  (1712  -  129)  x  (900/32.2) 

J  i 

*  1  ;=  44,245  ft  lb  =  56.9  Btu/(lb/sec) 

The  exit  condition  is  obtained  as 

* 

W 


H2  -  Hi  =  |(wi2  -  w22  )/2g|  - 


f  out 

*  *  j(18002  -  5442  )/64.^-  44,245 

=  1470  ft 'lb  =  1.9  Btu 

/  The  value  of  H2  is  1.9  Btu  higher  than  Hj  at  the  same 
pressure.  w'  * 
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1 


•  PROBLEM  12-16 


P„  PRESSURE 

2 


Solution:  The  impulse  stage  turbine  setup  along  with  the 

velocity  diagram  is  shown  in  the  figure. 

At  P  =  70  psia  and  T  =  400°F  ,  from  steam  tables 

-  o  'v  *•  0  L-  *■  ' 

h  =  1232  Btu/lb  and  Sn  =  1.6051  Btu/lb'jF. 

o  .  0 

s  i  *  ■  i 

Isentropic  expansion  occurs  with  the  reduction  of  pres¬ 
sure  to  P  =  10  psia  ^ 

.  *  .  ‘  ' 

Therefore  at  Pi  =  10  psia  arid  S  =  1.6951  Btu/lb°F  from 

j-  o 

steam  tables  hi  =1084  Btu/lb.  Now  the  velocity  of  the  steam 
leaving  the  nozzle  is  given  by 


where 


and 


V>  -  /2gj(iH)lse„xn„ 

^  - 

(AH).  =  isentropic  enthalpy  drop 

lsen  » 


=  efficiency  of  the  nozzle. 


Substituting  the  values  v  ■ 

s 

Vi  =  /2x32. 2x778x( 1232-1084 )x0. 92 

I 

=  2612  ft/sec  ^  j 

..  •?  ^ 

Then  the  other  velocities  can  be  calculated  as  the 
angles  a  and  6  and  the  bucket  velocity  coefficient  are  known. 


The  relations  used  are  summarized  below  along  with  their 
values  .  \ 


Zj  =  Vasina  =  2612  sin20°  =  893 


yi  =  Vicosa  -  2612  cos20°  =  2455 


y-R  =  yi  -  vb  =  2455  -  1000  =  1455 

VlR  =  /zf  +  yf  R  ■=  [”(893)2  +  (1455)2J  =  1707 

r 

V  D  =  C.  V  D  =  0.95  X  1707  =  1622 

2n  u  In 


y2R 

=  ,V2Rcose  =  1622 

cos30°  = 

1405 

yz 

=  y  n  +  V.  =  1405+  1000  = 
9  2  R  b 

2405 

’■S 

Z2 

=  V  DsinB  =  1622 

2  K  j 

sin30°  = 

811 

810 


'£  =  (811)2+(2405) 


-ti 
2]  = 


Blade 


angles  =  Tan“>  =  tan^1  [3355  - 

!  *  .ri  * 


i»  *  ' 

The  work  done  per  second  per  unit  weight  of  fluid  is 
given  by,  •-*/  \ 

Work  =  Force  x  Distance 

V  ' 

W  =  (V2Rcos0  -  V1rcos8  )  '' 

g  ii 

=  ( -1622cos32°-  1707cos30° ) 

«  -88629  f t-lb/lb 

The  negative  sigh  has  no  significance"  here . 


b)  Blade  efficiency  is  given  by 


(V^2g) 


(2612)2 


=  0.837 


nb  -  84% 


•  PROBLEM  12-17 


The  isentropic  enthalpy  drop  for  a  fluid  flow  through  a 
simple  impulse  turbine  stage  is  60  Btu/lb,  Pressure  and 
velocity  profiles  along  with  the  velocity  component  dia¬ 
grams  are  shown  in  figures  1  and  2,  Assume  the  approach 
velocity  to  be  negligible,.  For  the  data  given  below, 
calculate  ^ 

(a)  the  work  done  per  pound  of  fluid  flow;  * 

(b)  the  axial  thrust  per  pound  of  fluid  flow  per 
second;  and 

(c)  the  nozzle-bucket  efficiency. 

.  "ivr  •'  p 

C-  =  0.9  !  Vb  ="750  ft/sec 

a  =  0.85  s  *  a  = ■ 25°  v 

b 

*  ,  and  0=35°. 


.811 


I 


is 


Fig.  2.  Velocity  components  ■ 


Solution:  Energy  equation  for  nozzle,  considering  the  flow 

rate  of  unit  weight  per. second  is  given  by 


Vi2 

2gJ 


+ 


Hi 


V2 

2gJ 


+  H  +  W  ±  Q 


Since  the  expansion  through  the  nozzle  is  considered  as 
isentropic  and  since  no  external  work  is  done  during  the 


flow,  both  the  heat  transfer . and  the  work  done  have  zero 
values . 

Vi  V2 

2iJ  +  Hl=^J  +  H  f 

4  s.  H  ••  /  '  { 

*  l: 

As  the  approach  velocity  of  fluid  to  the  nozzle  is  very 
small  compared  to  the  velocity  at  exit1  V  can  be  neglected. 

'  4*  *  A 

«  H-H,  =  (4H)1S,  -  : 

^(isentropic  drop) 

.  •  !i  ■  -  * 1 

Considering  the  velocity  factor 

ci  'f  f  ,  : 


Vi  =  Cv  /2g<J( M)ieek  ^  ... 

Substituting  the  values 

Vi  =  0.9/2x32.2x778x60  ^ i! 

4  . 

-  1560  ft/sec  / 

Therefore  the  components 

xi  =  Vicosa  =  1560cos25°  -  1414  ft/sec 
yi.  =  Visina  =  1560sin25°  =  659  ft/sec 


Therefore 


x  D  =  X)  -  V,^  =  1414  -  750  =  664  ft /sec 

1K  -  b  •  D 

V.R  =  /x;R+yf  =  /(664)»  +  (659)=  ^ 


=  935.5  ft/sec 


and  - 


=  C.  V  0  =  0.85  x  935.5  9  795  ft/sec 

2  K  ,  1  .  1  -K  .Wfi.  b  ^  . 

x2R  =  -795xcos35°  ~  -651‘  ft/sec 


(1) 


Negative  tangential  direction  is  indicated. in  xjR  and 
,  y2  =  V,Dsin3  =  795  x sin35° 


?lX 


=  456  ft/sec 


4 

t' 


(a),  Work  done  per  pound  of  the  fluid  flowing  is  given  by 

sf’  { 


<  ^ '  x  —  x  jr- 

„  X.R  XaR  v 

■lX  g  b 


f  i  r*.  . 

V*  ^ 


664  +  651 
32.2 


X  750 
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y  30629  ft  Ibf/lbm. 


(b)  The  axial  force  on  the  bucket  by  the  fluid  flow  is 
given  by 

FA  ■  I  +  Pia.  -p2a2 

For  a  simple  turbine,  no  pressure  drop  occurs  and  the 
area  of  cross-section  would  be  the  same  throughout. 

Therefore , 

\  =  |  (yi-V2>  =  3^  »  (659  -  456) 


•  PROBLEM  12-18 


A  fluid  is  moving  through  a  single  stage  impulse  turbine 
with  a  weight  flow  rate  of  20  lb/min.  The  absolute  noz¬ 
zle  outlet  velocity  and  the  blade  velocity  are  1600  ft/ 
sec  and  900  ft/sec  respectively.  The  nozzle  angle  is  10° 
while  the  blade  angle  at  the  outlet  is  33°,  Neglecting 
the  turbulence  and  the  frictional  effects,  calculate 

a)  the  force  exerted  on  the  moving  blades,  and 

b)  the  rate  of  mechanical  energy  transmitted. 
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!' 


Solution :  The  velocity  diagram  for  the  single  stage  impulse 
turbine  is  shown  in  the  figure.  1 

Whirl  velocity  at  the  inlet  is  given  by 

'  y i- -  Vjcosa  *  " *  ’ 

where  Vj  -  Absolute  velocity  of  the  fluid  at  the  inlet 
=  1600  ft/sec. 

and  a  -  the  nozzle  angle  =10°.  1 

,  ,  -  •  s  -  I'**  ifi  '  • 

Therefore,  ’  yj  "=  1600cosl0°  =  1576  ft/sec. 

Relative  velocity  at  the  inlet  is  given  by 

Vj2r  =  Vx2+  V^2  -  2V1V^}cos  «(by  law  of  cosine)  j; 

**  =  (1600)  2  +  (900) 2  -  2  x'1600  x  900  x  coslO0  j,  . 

ii 

Therefore,  ^731  ft/sec. 


Then  relative  velocity  at  the^outlet  is  given  by 
V2R  =:  Cb^:R 

Since  frictional  effect  is  neglected  Cb=l,  Therefore, 

V-  *  731  ,t/sec-  i 

y2R  =,-V2ReosS  =  -731cos33° 

=  -613  ft/sec. 


Therefore 


y  =  y«T>  +  V.  =  -613  +  900 

3  2  3  2R  b 


=  287  ft/sec. 


a)  Force  exerted  on  the  moving  blade  is  given  by ^ 

F  =  Force  exerted  on  the  fluid  „in  the  negative  direction 


—  mass  x  change  in  velocity  .? 

^  *•  H  - 

=  w  x  (yx  -  y2  ) 

V 

ft 


ib. 


=  20 /6^  x  (1576  -  287) 


^  13.34  lb. 


-MX 


*  *  *■ 


b)  Rate  of  mechanical  energy  transmitted  is  given  by 
-  »  E,p  =  Force  x  (Blade  Velocity) 
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*  ;  =  FxV.:-  *  1 

b  „  T  5 

=  13.34 x  900  s 

=  12006  ft.lb/sec.  i  15.43  Btu/sec. 

■  M  '  T  .  ,  .  *  -  .  *  V 

1  '  -1  -*  1 

V  • 

*  ** 

MASS  FLOW  RATE  THROUGH  A  NOZZLE 


^  •  PROBLEM  12-19 


Solution :  a)  Consider  an  isentropic  expansion  of  steam 
through  a  nozzle  from  pressure  pj  -to  p2 , 

The  velocity  at  the  exit  (V2)'is  given  by” 

V2  = 

The  flow  of  steam  through  the  nozzle  is  given  by 


where 


mg  -  Mass  of  steam  passing  through  the 
nozzle  per  second. 
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A 2  =  Area  at  exit  'of  convergent  nozzle 
or  at  the  throat  of  convergent  di¬ 
vergent  nozzle, 

i  <  * 

V2  =  Velocity  at  exit 

v2  =  Volume  of  unit  weight  of  steam  at 
exit  of  nozzle.'-- 


Substituting  the  value  of  V2  from  equation  (1)  into  equa- 


Substituting  this  value  of  v2  ,  in  the  above  equation. 


>  The  above  equation  shows  that  the  flow  is  dependent  on 

only  as  n  is  fixed.  f 

Pi  '  ■ 1  f 

i 

Therefore  for  maximum  discharge 
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i  This  pressure  .ratio  which  gives  maximum  discharge  through 
the  nozzle.,. is  known,  as  critical  pressure  ratio 

where  n  =  1.135  for  saturated  steam 

?,,j  i,  f.  ..  '  i 

and  n  =  1.3  for  superheated  steam. 

•  •*  ,  i  *'V  *  * 

Now  substituting  equation,  (4)  in  equation  (3) 


«.  At  \  1  t 


(m  )  =  —  2g  —^r  p  v  <  —t 

s^max:  vi  n  -  1  i  i  1  n+1 


n  ^ 2 
n  -  1  \  n 


J  (-A-' 

Un  +  iJ 


v  n  n+1 
l  n  -  1  7  n 


on  simplification 


=  A*  2g  (  2 

, r  a'rr...  J  -  :ii  -  1  [vi  J  [n  +  IJ  ■'  [  2  J 


=  A 2  /  g*  n 


viJK+1 


Thus  the  mass  flow  of  the  steam  is  independent  of  the 
exit  ^pressure  but" depends  on  initial  pressure  and  throat 

area.'  '  .  .  [  .  '  f 

b ) «  The  maximum  velocity, of  steam  at  the  throat  of  the  noz¬ 
zle  is  obtained  by  substituting  the  value  of  the  critical 
pressure  ratio  (eq.  4)  in  equation  (1). 


(V*W  =/2s  (nix) 


and  on  simplification 


n  -n  n  -  1 
n  -  1  I  n 


(V^)max'72g  nTT  Pivi 


•  PROBLEM  12-20 


Air  behaving  as  an  ideal  gas  at  25  Bar  and  50 °C  enters 
a  converging  nozzle  having  the  exit  cross-sectional  area 
6  x 10  m2  with  negligible  initial  velocity.  The  flow  is 
isentropic.  Calculate  the  mass L flow  rate  (Kg/sec)  and 
the  linear  velocity  (m/sec)  at  the  exit  if 
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a)  the  exit  pressure  is -15  Bar,  and 

b)  the  exit  pressure  is  12  Bar.v 

i 

Properties  of  air:  Cp  =  32  KJ/kg.mol.°K  k 
~  Cy  =  20.84  KJ/kg.mol. °K 

t  '  ;  , 

and  M  =29  Kg/Kg. mol. 


a)  The  exit  pressure  is  greater  than  P  Therefore  the 
mass  flow  rate  is  subsonic  and  is  given  by 

Hi 


JL  =  — 29( 25  x  10s  ) -  ^26.99  Kg/m! 

(8314)(273+  50) 


A2  =  6  x  10-t*m2  .  • 

_  ^  il-  ’ 

6x10-"  (2)(1)[^HH]  (25x10=  )(26. 99) 

~  !'  2*5355  1  i 


ITstsT  *1»53S5  1 

>“ x  (0.6)  -(0.6)  jj' 

-  -  ki!.  —I  <  :» 


*  3.42  kg/sec. 


i|!f  ‘ 
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Velocity  V  is  given  by 


V  =  /  2g 


u  * 

n  El  fi  JEl| 

n  -  1  pi  [pi 

?  *1  ^  >  »  - 


- ~** - -  0.5355 

- •  -  '  V  e  295  m/sec r 

b)  Exit  pressure  =  12  Bar  -  12 x  10s  N/m2 , 

•«  f-  *  '  ‘ 

Since  the  pressure  is  below  the  critical  pressure 


m  -  AzJ gcn(PlPi)[irn:j 


m  =  6  x  10-**J(l)(1.5355)(25xl0s  )(26,99) 

=~3.48  kg/sec.  ■  .  '  . 

*  J 

Throat  velocity  of^  the  air  is  given  by 

V  =  /~2g  — 

max  /  &c  n  +  1  Pl 


2  1  °*J 
2 . 5355 J 


oui  \  1 .5355  ( 25x10 ®  ) 
M  '|375355 J  (26.99) 


335  m/sec 


•  PROBLEM  12-21 


Steam  at  450  psia  and  600°F,  with  negligible  initial 
velocity  is  flowing  through  a  nozzle.  The  nozzle  effi¬ 
ciency  and  the  area  of  the  throat  are  93%  and  0.75  in2 
respectively.  The  exit  steam  is  at  30  psia  after  the 
isentropic  expansion  in  the  nozzle.  Calculate 

t  • 

a)  the  mass  flow  rate  at  equilibrium  flow; 

b)  the  mass  flow  rate  at  supersaturated  flow;  and 

c)  the  exit  area. 
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Solution : 


At  Pressure  Pi"="450  psia- 


and  Temperature  Ti»  -  600°F,  ,  , 

•  -  .  •  ‘  *  r  i  :  i  ; 

from  the  steam  tables 

s  ,  ■  '  .-’5  ■  „ 

♦J‘  ^  • 

Enthalpy  hx  =  1302.5  Btu/lb  * 

.  *  .  ■»  :  • 

Specific  volume  v i  =  1 . 269‘1  .  ft  3/lb  * 

and  Entropy  S  -  1.5711  Btu/lb  °F. 

1 

For  Pressure  P2  =  30  psia  and  Si  =$2-  1.5711  Btu/lb°F 
from  steam  tables  h2  =:1076  Btu/lb  from  Mollier  diagram 
Quality  of  steam  =  11 . 5%  =■  0 . 115 ,£  efficiency  of  the  nozzle 
n  =  0.93.  ^ 

-  Q  go  -  hi-ha1  ,  =  ,  1302.5  -h2' 

.  .  *  ;  (hi-h2)s  •  (1302.5  -  1076) 

h  2 '  -  1092  Btu/lb.  f  ,  v 

and  v2'  -  12.9  ft^/lbm.  ,  s  x  . 


a)  For  equilibrium  flow  at  the  throat  * 

Pt(e)  =  °-545Pi  =  0 . 545  x  450  y  245  psia 
and  st(e)  =  s  1  =  1.5711  Btu/lb- °F  , 

From  steam  tables  h,  /  \  =  1234.6  Btu/lb. 

v.,  .  =  1.9333  ft  3/lb .  « 

t(e) 

Vt(e)  =  223.8/hT-h't(e) 

*  f  . 

VO  v=  223.8  ;"5' 

;  1  iV^ej'=v  1844  ft/sec, 

a  .  x  v ■;  f  v  . 

mass  flow  rate  m  =  — — ^ ^  54 

t(e) 

(0.75/ 144 ) ( 1844 ) 
1.9333 

-t 

-t 

v  .  .  m^ ■-  4.97  lb/sec. 

.  .  •.  ;  .  v::-  .  !  i 


(a) 


b)  For  supersaturated  flow,  velocity  at  the  throat  is. given 

,  / - : - r - .-.I —  . 

where  n  =  1.3  for  superheated  steam. 


Vt(s)  7  (2)(32.2)'(^|]  (450x144)(1.2691)  1-  (||§) 

*  |  ,  L 

=  1733  ft/sec 

■  i  ..  *  .?•* .. 


V  *  =  V i 

vt(s)  -  J  Vl Ip. 


iV/n  f450l1'1’3 

■/"  =  r  1  - 2691 ) [||§J 


i  ■  *  I 

^  2.026  ft  3/lb .  f 


mass  flow  rate  .in  = 


A.  xV. 


2.026 


.  m  *  4.46  lb/sec 


From  (a)  and  (b) 


error,  for  m  g  :,V  ^qVL  1? :  3% 


c)  At  the’ exit 


V2  '  =  223.8/hY-h2 •  * 

.  =  223. 8/1302.1? -109 

=  3247  ft/sec 


Area  at  the.exit  A2 


,  _  mv2  * 


.  t  .**,  V 


4.46  x  12.9 
3247 


a-  t  r.  *■ 


0.01772  ft2 


.  .  A2  1  ^2.55  in2.  , 


r  *x,jr 


•  PROBLEM  12-22 


An  ideal  gas,  at  42  psia  and  250°F,  enters  a  convergent 
conical  channel  having  an  inlet  diameter  of  6.5  in.  and 
an  outlet  diameter  ofi0.5  in’.  .  * 

Neglecting  the  effect  of  friction,  calculate 

a)  the  maximum. rate  of  f low ^through  the  channel  at 
the  entrance  in  lb/min  and  ft3 /min; 
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b)  the  linear  velocity  at  the  outlet  in  ft/sec; 

c)  the  outlet  temperature;  and  „ 

*  •  K 

d)  the  rate  of  flow  in  lb/min  if  the  outlet  pressure 

is  30  psia.  .  j 


*  '  V 


The  properties  of  gas  are 

molecular  weight  =  14.0 
heat  capacity  =  0.55. 


Solution :  The  isentropic  gas  flow  through  the  nozzle  (con 

cal  channel)  can  be  defined  by 

PVn  =  constant 


where 


n  =  -£  and  b  =  1*9.85  =  0.1418 
'■'V  » 

»  t  ,  J,  -n1-  ■.  * 

•  '  T  •Ju,,.:  f  ji 


For  finding  Cv;  =  Cp  -^b, 


=  0.55  - 


1.985 


=  0.408 


n  ■  Irif  i1-146 


For  maximum  discharge  through  nozzle 


Pj  •  f  2  )n-1e_  r_2  1 

Pi  .[n+lj  |_(1.146  +  1)J 


1-146  ) 

1.146  -  1  J  -*  ^ 


=  0.5752 


P2  =  Pj  X  0.5752  =  42  X  0.5752  *  24.158  psia 
Vx  =  ^1Q,731‘4  x54°2  ~1'469^  =  12.96  ft 3 /lb  ; 


Specific  volume  at  the  outlet 


fPiVil  _ 

2 

42  x  12.96 

l  Pa  J 

2.146 

24.158 

_  — 

=  21  ft 3 /lb. 
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a)  Maximum  rate  of  flow  through  the  nozzle  is  given  by 
•  -  *  *  7  "  ’  n+1'" 

“(max)  ‘  A*i“nfe)'(n?l)n  '  '  '  '  ' 


Substituting  the  values 


(max) 


_  Trx(Q.5/12y 


( 32 . 2  )  ( 1. 146  )x  ]  ^T7T56+^  °*] 


=  0,1066  lb/sec  ~  6,4  lb /min *1 


b)  Linear  velocity  at  the  outlet 

>  m(max)v2  0,1066  x  21 

Vz  "  A2  "  vtt/4  x  (0.5/12)2 

-  1642  ft/sec. 

rv 

c)  Temperature  at  the  outlet  is  given  by 

is '  .  '  t  :•  ■  »  ; -a  . 

„  _  „  rp.i^p  . . r. 


■  'Gif' 


=  (250  +  460) 


0.5752 


-  616°R  =  156 °F  ^ 


d)  General  equation  for  the  mass  flow  rate  through  the  noz 
zle  is  given  by 


Substituting  the  values  knowing  the  pressure  P2  =  30  psia 


m  -1  i71  / 4X(0, 5/l‘2)z  ] 
12.96 

if-  , 


2x32. 2x  X42X12.96 


m  -  8 . 428  x  10“ |lb / sec  =  0.505  lb/mi n 


1  «  •: 
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CHAPTER  13  * 

lilt.  •  •«'  •  -  •'  & 

u  A  '■  -  .  - 

HEAT  TRANSFER  ** 

.  -  •  r  •  •  .  '  I! 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  825  to 
919  for  step-by-step  solutions  to  problems. 

ij  Heat  transfer  gives  additional  information" for  the  analysis  of  energy  transport 
problems  by  describing  the  rate  at  which  energy  is  transferred,  thermodynamics 
describes  the  amount  of  energy  transferred  but  not  the  rate  at  which  it  is  trans¬ 
ferred.  The  rate  of  heat  transfer  is  described  by  a  rate  equation  which  is  a  function 
of  the  temperature  gradient.  When  this  rate  equation  is  combined  with  the  first 
law  of  thermodynamics  for  an  open  system,  the  rate  of  heat  transfer  can  be 
evaluated  for  equipment  and  processes  such  as  furnaces,  heat  exchangers,  engines, 
and  many  other  devices.  r,fj  j  ■<  |j  ,  *,  ■ 


There  are  three  mechanisms  for  heat  transfer:  conduction,  convection,  and 
radiation.  Heat  is  transferred  by  the  motion  of  adjacent  molecules  in  conduction, 
which  is  the  dominant  mechanism  in  solids,  and  also  occurs  in  liquids  and  gases. 
Heat  is  transferred  by  the  mixing  of  fluid  elements  in  convention,  which  is  the 
dominant  mode  of  transport  in  liquids  and  gases.  Natural  convection  refers  to 
heat  transfer  from  density  differences  induced  by  temperature  differences,  and 
forced  convection  refers  to  heat  transfer  from  fluid  motion  induced  by  a  mechani¬ 
cal  device  such  as  a  pump  or  impeller.  In  radiation,  heat  is  transferred  by  elec¬ 
tromagnetic  radiation,  and  this  rate  depends  on  the  fourth  power  of  the  absolute 
temperature  rather  than  the  local  temperature  gradient,  as  in  conduction  and 
convection.  jL 

I  ' 


Conduction 


For  conduction,  the  equation  relating  the  rate  of  heat  transfer  jper  unit  area 
(heat  flux),  q ,  and  the  temperature  gradient,  VT,  is  Fourier’s  law,  i.e.,  q  -  -  kS7T. 
/This  is  a  vector  equation  that  defines  the  thermal  conductivity,  k ,  and  a  compo¬ 
nent  of  the  heat  flux  in  the  x-direction  for  this  equation  is:  - " ‘  *  '  <•  >  • 

,  .  9,—.* ■  ..  .  »  «.  ■  .*•.  (1)  , 

ax 

f 

For  heat  conduction  in  a  solid,  the  first  law  of  thermodynamics  combined 
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with  Fourier’s  law  gives  V2T  =  0.  Integrating  this  equation  for  one-dimensional 
heat  conduction  gives  a  linear  temperature  profile  in  a  solid.  The  temperatures 
are  specified  at  each  end  of  the  solid  for  this  simple  case. 


This  analysis  can  be  extended  for  steady  heat  transfer  through  a  wall  made  of 
multilayers,  each  having  a  different  thermal  conductivity,  and  the  following  equa¬ 
tion  for  the  heat  transfer  rate  Q  -  q^A  can  be  obtained  by  applying  Eq.  (1)  to  each 
layer: 


ulX  j 


-M 


(T2-T,) 

Ajc2 


=  -knA 

Axn 


(2) 


Knowing  the  thermal  conductivity  kt  and  thickness  Ax,  for  each  layer,  the  rate 
of  heat  transfer  can  be  computed  knowing  the  external  wall  temperatures  T]  and 
r„+1  with  the  following  equation,  obtained  using  Eq.  (2): 


QssJ±zln±L- 

ZAXi/kiA 


(3) 


This  equation  is  analogous  to  Ohm’s  law  for  electrical  conduction,  where 
AXj/kjA  is  a  measure  of  the  individual  resistances  to  heat  flow  which  sum  to  the 
overall  resistance,  and  -  Tn+1  is  the  overall  driving  force.  Also,  comparable 
results  can  be  obtained  for  conductive  heat  flow  in  cylinders  and  spheres  using 
Fourier’s  law  in  cylindrical  and  spherical  coordinates. 


General  Energy  Equation 


For  systems  with  higher  dimensions  and  unsteady  heat  flow,  the  general 
energy  equation  is  required.  This  is  the  first  law  of  thermodynamics  for  an  open 
system,  and  it  can  be  written  in  several  forms.  One  convenient  form  uses  the 
substantial  derivative,  D/Dt  =  d  Ibt  =  v  ■  V: 


DU 

P  Dt 

I 

°  ~  V  •  q  - 

I 

P\  *  V  -  x:  VV  +  qgen^^ 

1 

gain  of 

/ 

energy 

\ 

internal 

irreversible 

energy 

internal 

input 

energy 

energy 

generation 

energy 

by 

increase 

increase  by 

conduction 

by 

viscous 

compression 

dissipation 

(4) 


An  interpretation  of  the  rate  of  energy  transfer  per  unit  volume  is  given  under 
each  term.  The  term  on  the  left  side  of  the  equation  describes  unsteady  and 
convective  heat  transport  in  the  flowing  system.  The  first  term  on  the  right  side 
gives  the  input  to  the  system  by  conduction,  and  Fourier’s  law  is  used  to  replace 
q  with  T,  i .e.,  q  -  -kVT.  The  second  term  is  the  pressure -volume  work  term  for  a 
flow  system,  and  an  equation  of  state  such  as  the  ideal  gas  law  (P  =  pRT/mw)  is 
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;  required  to  relate  the  pressure  and  temperature.  The  third  term  describes  the 
irreversible  generation  of  energy  by  degradation  of  mechanical  energy  to  thermal 
energy  (friction  heating).  The  last  term  describes  energy  generation  throughout 
the  material  by  resistance  heating,  for  example.  *  y- . 

*  .  For  solids,  Eq.  (4)  simplifies  to  the  following  one:‘  *  c-*  v  | 

?cp~-kS/lT  (5) 

at  P 

This  is  a  time-dependent  partial  differential  equation,  and  it  requires  initial  and 
boundary  conditions  for  a  solution.  There  are  numerous  solutions  for  this  equa- 
-  bon  for  steady  heat  transfer  (left  side  equal  to  zero)  in  two  and  three  dimensions, 
•and  many -for  unsteady ‘heat  flow  in  one  and  two  dimensions.  The  method  of 
separation  of  variables  is  one  of  the  more  successful  methods  used  in  solving  this 
partial  differential  equation  for  various  geometries  such  as'slab's,  cylinders,  and 
spheres.  However,  other  methods  for  solving  partial  differential  equations  have 
also  been  used.  The  results  from  these  solutions  are  presented  in  graphical  form 
for  use  in  design.  More  elaborate  problems  require  numerical  solutions  using  a 
computer  to  solve  the  set  of  nonlinear  algebraic  .  equations  obtained  from 
discretizing  the  partial  differential  equation.  v  1  '  * 

■“  »  •  i  *  .#*.  $  *  -  •*«!?.  /  •>  .i  -  v  4  v  ,/t  .■  ’ 

Convective  Heat  Transfer  ;  4  *  ,•*  ;  *  v  (J 

Convective  heat  transfer  requires  solving  Eq.  (4)  with  the  convective  terms 
on  the  left  side  along  with  appropriate  terms  from  the  right  side.  For  example,  gas 
flow  will  require  the  convective  term  and  the  P-V  work  term  but  not  the  conduc¬ 
tion,  viscous  dissipation,  or  generation  terms.  For  laminar  flow,  Eq.  (4)  can  be 
used  directly  in  this  form.  However,  for  turbulent  flow,  the  equation  must  be 
time-averaged  to  be  used.  Time-averaging -j  introduces  additional  terms  in  the 
equation,  which  require  approximations  to  describe  these  turbulent  energy  transport 
terms.  Although  some  solutions  have  been  reported,  the  use  of  advanced  numerical 
methods  and  large  mainframe  computers  have  been  required.  This  effort  has  been 
justified  for  large,  expensive,  and  new  systems,  e.g.,  rocket  engines.  However, 
numerous  approximate  methods  have  been  developed  which  accurately  describe 
the  performance  of  industrial  equipment.  w  ,  v  '  » 


Heat  Exchangers 


-  ....  (p;  •  >  4"  "  -  '  1 

'  ^  >J  ■  •  *  '  I'  f  >  ’  '-! 

An  approximate  method  using  an  integral  analysis  of  the  energy  equation 
leads  to  an  equation  for  the  performance  of1  heat  exchangers.  The  heat  transfer 

^  •  1  .’Is  *  '  j- 

rate  in  a  heat  exchanger  can  be  computed  using  the  following  equation,  which 
uses  an  overall  heat  transfer  coefficient,  U0: 


H. 


Q-u0ac 


In  AT2  /  A7j 


.*S  ,!?:  ft*  i  >  (6) 


i 


where  A T2  is  the  temperature  difference  between  the. hot  and  cold  fluids  at  one 
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end  of  the  heat  exchanger,  and  AT]  is  the  temperature  difference  at  the  other  end. 
The  flows  of  the  hot  and  cold  fluids  are  usually  countercurrent,  but  can  be 
concurrent.  U0  is  the  overall  heat  transfer  coefficient  based  on  the  outside  surface 
area  A0  of  the  heat  exchanger. 


The  equation  for  U0  has  the  sum  of  the  individual  resistances  as  shown  be¬ 
low: 


Ur 


1 


Ar  J_ 

K  k  K 


(7) 


where  hi  and  ha  are  heat  transfer  coefficients  to  and  from  the  fluids  to  the  tube 
wall,  and  Ar  and  k  are  the  heat  exchanger  tube  wall  thickness  and  thermal  con¬ 
ductivity.  There  are  more  elaborate  forms  of  this  equation  which  account  for  area 
variations,  fouling,  etc. 


The  individual  heat  transfer  coefficients  are  evaluated  from  correlations  which 
are  based  on  experimental  measurements.  An  example  of  a  correlation  is  given 
below: 


Nu  =  0.0365/?e°  W  62  (8) 

where  Nu  =  h/pcpu  is  the  Nusselt  number.  Re  =  Dup/\i  is  the  Reynolds  number,  and 
Pr  =  cp\i/k  is  the  Prandtl  number.  The  coefficient  and  exponents  have  been  evalu¬ 
ated  from  experimental  data. 

To  use  the  correlation  in  Eq.  (8),  the  fluid  properties,  Cp,p,Jt,  and  mean  fluid 
velocity,  u,  in  the  heat  exchanger  are  evaluated.  The  heat  transfer  coefficients  ht 
and  h0  can  be  computed  from  Eq.  (8).  Then  they  are  used  in  Eq.  (7)  to  evaluate  the 
overall  heat  transfer  coefficient  UQ.  Consequently,  heat  exchangers  can  be  de¬ 
signed  using  correlations  of  experimental  data  from  similar  fluids. 


Radiation 

The  design  equation  for  radiative  heat  transfer  is  given  by  the  following 
equation: 

<?i2  ~  -  r24)  (9) 

where  qn  is  the  net  heat  transfer  between  grey  surfaces  1  and  2,  and  Fl2  is  the  in¬ 
terchange  factor  between  the  two  surfaces.  A ,  is  the  area  of  surface  one.  Tx  and  T2 
are  the  temperatures  of  surfaces  one  and  two  in  degrees  absolute. 

Eq.  (9)  was  developed  using  a  combination  of  information.  First,  the  radiant 
heat  flux  from  a  body  is  toT*  by  the  Stefan -Boltzmann  law,  where  e  is  the  emis- 
sivity  of  the  body  and  a  =  5.616x\QrsWim2KA  is  the  Stefan-Boltzmann  constant. 
Radiant  interchange  between  two  surfaces  incorporates  a  view  factor  in  the  en¬ 
ergy  balance.  When  the  surfaces  are  grey  and  emissivity  and  absorptivity  are 
equal,  the  view  factor  and  the  emissivity  are  incorporated  into  the  interchange 
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.x&  E  ( ■*  X 

First  *  ^ 

.insulation  »  »  *  * 

>•  j-i  *  * 

layer 

econd  , 

insulation  **  x 
.ayer 


t. .;n; '  th  C  l-fl  Jr  I  n  tu$& ,  JKM  piPe  tt  -i  .  *  ■*  1 1  *> 
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orit  eovij  ,(cf),oo  '^d?’  x  ■  X 

w  OOiQf^T^::c 

Solution :  The  outer  diameter^of  the  pipe  is  the  inner  dia¬ 
meter  of  the  first  layeir-bf -insulation^  Therefore, 

—  'Outer  diameter  of  pipe*='3;50  in.,  ri=1.75  in.  . 

.  ...  Outer  diameter  of  „  •  —*  . c  _ 

(<*a)  first  layer v=  3750 +M. 00  =  7.50  in. 

(00)  “  -W&I  r,=3.75  in.  , 

Outer  diameter  of* 

second  layer  =  7.50 +  2.50 = 10.0  in. , 

>  b1  x:t  f  r  =5  ?  ^ 

r  .uwc  ^  v  th  r UOJ  ^Xja*  t.:rt.  3  •  ■ 

{55)^  %  i.iicfc4*  <ft  i  X 

. t*\  v--r.  to  thr  *  *  -,i  ?  "  1 

Forrthe1f  irst^layer  of  Unsulation?.  the  mean  radius  ts  ^  _^ 

:.c».  *.  jrotjxupe  lo  noiJuXoc,  iwXifoXJ^xr  *. 

-  rz-ri  _  .„  • 

./:  i  . -♦  ^*rmr^ln(r2/ri)*  ,fc  ' 

dm  *  benMno*^ 

.(dT)  nolUupo  ai  ^  i\xn  ioaoiinici  *tt 

_qfl  nno,  «*o  td*  ™  #-*» 

,:(4’  C-JJ  toe  oet.nr.i  .  cc  * 

For  ’the  'second  layer'of  Jinsulation^the-mean. radius  is 

ra-r? 

rmz  In(r3/r2) 
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The  thermal  resistance  of  the  second  layer  of -Insulation 


R2  =  — r3~r2 

2irk2r 

m2 


5 . 00-3 . 75 
^(0.037)4.345 


=  1.24 


The  heat  loss  (q),  per  unit  length, * is  given  by 


Ri+R2  t' 

670-100 

2.43+1.24 


q  =  155.3  Btu/hr^  per  foot  length  of  pipe 
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•  PROBLEM  13-6 


A  right  circular  cylinder,  having  a  constant  thermal 
conductivity  k  and  no  heat  generation^  has  all  its  sur¬ 
faces  at  0  except  for  the  surface  at  z=L  which  has  the 
temperature  T  =  ToJ0(2.405r/R) ,  The  temperature  T  is  a 
function  of  the  radial  coordinate  r,  T0  is  a  known 
constant  and  J0(2.4O5  r/R)  is  the  ordinary  Bessel 
function  of  the  first  kind  and  zero  order.  Derive  an 
exact  analytical  expression  for  the  steady  state  tempera¬ 
ture  distribution  within  the  cylinder. 


j  ..  •?>  *  *  ' 


T=TqJo (2.405^) 


The  circular  cylinder 
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Solution:  The  most  appropriate  equation  for^this^problem^ 

is  the  general  conduction  equation  in  the  circular  y 
cal  coordinate  system 


3  2T 
3r  2 


+ 


1  3T  .  1_  3fT  3^T  3^  =  1  £1 
r  3r  r*  36*  3z2  k  a  3t 


Dropping  the  generation  term,  the  transient  term  and  the 
circumferential  conduction  term,  the  equation  reduces  to 


32T  1  3T  a^T  =  Q 


The  boundary  conditions  are 


(a) 

At 

r  - 

0 

and 

0  <  z  <  L 

3T/3r  -  0 

(b) 

At 

r  = 

E 

and 

0  <  z  <  L 

ti 

0 

(c) 

At 

z  = 

0 

and 

0  <  r  <  R 

*3 

It 

O 

(d) 

At 

z  = 

L 

and 

0  <  r  <  R 

T  =  T0 J0 (2 . 405  r/R) 

(1) 


Equation  (1)  is  solved  by  the  separation  of  variables  tech¬ 
nique.  Let  the  solution  be  of  the  form  T-Q(r)  P(z).  Sub¬ 
stitute  in  eq.(l)  and  separate  the  functions 

d*Q/dr2  (l/r)dQ/dr  _  -d2P/dz2 
Q  P 


Since  Q  depends  only  on  r  and  P  depends  only  on  z,  the  left- 
hand  side  depends  only  on  r  and  the  right-hand  side  depends 

ThG  ^ft:hand  side  of  th©  equation  must  equal 
the  right-hand  side  for  all  values  of  r  and  z  in  the  con- 

entlty°ofr|fchnothIr"  th°Ugh  '  2  °an  be  varied  ^depend- 


t,  Jhis  equality  can  hold  only  if  both  sides  of  the  eaua- 
are  equal  to  the  same  constant,  say  -X2  This  is 

separation  constant.  Equate  both  sides  of  equa- 


tion  (1)  to  -X  ,  which  gives 


(2) 

(3) 


Equation  (2)  is  solved  by  the  classical  operator  techniaue 


P  *  Aj  sin  h  Xz  +  A 2  cos  h  Xz 
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Equation  (3)  is  a  Bessel  equation  whose  solution  is  given  as 

Q  =  BiJo(Xr)  +  B2yo(Xr) 

Hence , 

T  =  (B i J o ( Xr) +  B2y o ( Xr ) ] ( A jSinhXz +  A2coshXz )  (4) 


Applying  boundary  condition  (a)  to  eq.(4),  the  derivative 
with  respect  to  r  gives  a  term  Ji(Xr)  and  yj(Xr).  Since 
Ji(0)=0  and  yi(0)  +-»,  B2=0  is  taken  to  satisfy  boundary 
condition  (a). 

Let  B1A2  -  C2 
and 

B  iA 1  =  Ci 


Equation  (4)  becomes 

T  =  J 0 ( Xr ) (C isinh  Xz +  C2  cosh  Xz)  (5) 


For  boundary  condition  (b)  to  exist,  it  is  required  that  at 
r=R,  T~0  for  all  z.  Hence, 

0  =  Jo(XR)(Cisinh  Xz+C2COsh  Xz) 


The  functions  of  z  cannot  satisfy  the  condition,  which  must 
hold  for  all  z  in  the  region 

Jo(XR)  =  0  (6) 


Equation  (6)  is  a  transcendental  equation  for  the  posi¬ 
tive  roots  of  the  equation,  that  is,  for  the  values  of  XflR 

that  make  Jo  equal  to  zero.  To  determine  these  roots,  plot 
Jo(XR)  versus  XR.  The  points  at  which  the  curve  cuts  the 
XR  axis  are  those  values  of  XR  which  satisfy  equation  (6). 
Now  equation  (5)  becomes 

T  =  Jo(Anr)(CiSinh  X^z  +  C2cosh  Arz)  (7) 


Applying  the  boundary  condition  (c)  to  equation  (7)  gives 
C2=0;  hence,  equation  (7)  becomes 

T  =  Cisinh  X  zJ0(X  r)  (8) 

n  n 

There  are  an  infinite  number  of  solutions,  because  there 

are  an  infinite  number  of  X  which  satisfy  all  the  condi- 

n 

tions,  except  condition  (d)  which  has  not  been  considered  as 
yet.  Boundary  condition  (d)  is:  at  z=L  and  0<  r <  R 

T  =  To J 0 ( 2 . 405  r/R)  (9) 
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Setting  z=L  and  multiplying  the  arguments  in  equation 
(8)  of  both  sinh  X  z  and  Jo(X  r)  above  and  below  by  R  and 

equating  it  to  equation  (9),  yields 

Cisinh(XnRL/R)Jo(XnR  r/R)  =  T0Jo(2.405  r/R)  (10) 


This  equation  can  only  be  solved  if  2,405  is  a  value  of 
XnR  that  satisfies  equation  (6),  else  the  solution  of  equa¬ 
tion  (8),  in  the  form  of  equation  (11)  has  to  be  used 


T 


CO 


l 

n=l 


Cn  sinh  XnzJ0(Xnr) 


(11) 


Now  taking  AnR=2.405,  it  is  seen  from  equation  (10)  that 


Ci 


_ Ij _ 

sinh(2.405  L/R) 


Hence,  the  steady  state  temperature  distribution  is 


T(r,z) 


=  T, 


sinh(2.405  z/R) 
sinh( 2 . 405  L/R) 


J o (2,405  r/R) 


•  PROBLEM  13-7 


(a)  A  steam  pipe,  having  an  outside  temperature  of 
180°F,  is  buried  in  the  earth  (k=0.60  Btu/hr  ft°F) 
at  a  depth  of  2  feet.  The  diameter  of  the  pipe  is 
6  inches.  If  the  soil  surface  temperature  is  at 
50°F,  calculate  the  heat  transfer  rate  per  foot 
from  the  pipe. 

(b)  If  the  heat  transfer  rate,  from  the  pipe  in  part 
(a),  is  to  be  reduced  to  100  Btu/hr  ft  by  adding 
insulation  (ka=0.03  Btu/hr  ft°F),  while  the  phys¬ 
ical  system  remains  the  same,  determine  the  re¬ 
quired  outside  diameter  of  the  insulation. 


Solution ;  The  physical  system  is  that  of  a  horizontal  pipe 
buried  in  a  semi-infinite  medium  having  an  isothermal  sur¬ 
face.  The  conduction  shape  factor  for  this  system,  having 
the  restrictions  L»D  and  D  >  3r  is 

o  _  _ 2tt 

cosh-1 (2z/D) 
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The  shape  factor  for  this  system  is 

q  -  2* 

r  •  ln(2D/r )  5 

where  D  =  Depth  =  2  ft. 

r  =  Radius  =  3in.=  0.25ft. 

■  •  ■  r  i  •  t,  % 

Therefore 

q  =  _ ”_H _  , 

b  ln(4/0 . 25 )  . 

Shape  factor  S  =  2.26  -  j; 


Heat  loss  q  =  kS(T!-T2) 


Therefore 


where  =  Outer  surface  temp=180°F 
T2  =  Ground  surface  temp=50°F 

9  ^ 


q  =  0.6  x  2.26(180  -  50) 

r'l 

J  \ 

q  =  176.28  Btu/hr  ft 

*  a.  y 


Plane  surface  at  T2 

77777777777 7777777 TTT7\ 


V777 


S&-*  '  t  :< 


2  ft 


The  buried  steampipe. 
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(b)  In  this  case,  the  outside  surface  temperature  of  the 
insulation  is  unknown.  An  expression  for  heat  loss  (q)  in 
terms  of  the  shape  factor  for  the  system  is  «' 

q  =  kS(Ti-T2 )  '■  .  (1) 

and  the  expression  for  the  conduction  heat  transfer  rate 
across  'a',  in  the  absence  of  transients,  heat  generation, 
or  heat  flow  in  any  other  direction  other  than  radial  is 
given  as  *  * 
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„  2irka(To-Ti) 

ln(r2/r1 ) 


(2) 


V: 


where  r 2  =  outer  radius  of 
insulation 


T 


f  J  f  **  ' 

*  .  .  .41  ^  •  -t  , 

Since  r2/r1  =  d2/dj  =  d2/0,5  =  2d2> equation  (2)  becomes 

o  =  2fr(0.03)(180  -  T,  ) 


ln(2d2) 

_  0.1884(180  -T, 
In (2d 2 ) 


*v  r 


(3) 


t  *  vi  i  '  r 

^Rearranging' equation  (1)  and  substituting  in  equation 

(3)  *  we  2  get?  -  ^vv.k  '  ^-^0 

Ti  “  t2  +  q/kS  ,s(i) 

_  0^.1884(180  -T^-V/kS)*  m 

q  ^  i,  : ln( 2dz )  x  _  .  (3) 


(4) 


0  =  180  -  T2  -  q/kS  -  q  In  2d2/0.1884 

n  =  180  -  T, 

q  ,5. 31n(2d2)+l/kS 

>•'  *  -  - 

v  >\V' 

Since  the  depth  D  =  2ft.,  the  shape  factor  is 

...>  2  t r 

I  S  ~  cosh"i(2D/r2) 

because  in  this  case  the  restriction  is  only 

f  jt 

L»r  .%  \ 

\  V  •  >■! 

V,  *  X 

The  second  restriction  D  >  3r,  which  was  a  valid  restric¬ 
tion  in  part(a),  is  not  applicable  as  the  outer  radius  of 
the  insulation  is  not  known.  i  -«  * 

s  _  _ 2n 

cosh" i (2/ id 2 ) 


r>  «: ::!* »  •  J'.  '  2tt  «  ■ 

t  *  w*  ^  coshr  i  (4/d2  ) 

:  *  ;  v  ’’  H  •  ?  irt 

0.6  x  2tt 


kS  « 


cosh" 1 (4/d2 ) 


and  l'/kS  ■'  *  (4/d2  ) 

■•V-  .1  , .  >  1 . 2tt  i  ..  n 


=  0.266  cosh” 1 (4/d2 ) 
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Substituting  this  value  of  1/kS  into  equation  (4)  gives 
+”  /#  !>  > 

.  ,, •  ,  ft  n  _  180  -T2 

q  5 . 3 1 n ( 2  d  2 ) +0 .  266costi  *  (  4  /  d  2  ) 


substituting^ he  values  ?■  -  ir  v 

<■‘4  •  ■  ■  :  X  ■■  .  ,  *  •  .1  r  »  «••• 

T2  =  50  °F-^  :  *  *■■■■  '■  '  .  ■■  jjs* 

,  •  *  <t*  r  ~  > -  ,i  '  ■  Sf  •-  ■„  *- 

and  q  =  100  Btu/hr  ft-'  '  v  .f ? 

•  J  1^0-  50  •>  V  e\ 

.  ■  1  100  “ .  5.31n(2d2)+0  266cosh“1  C4/d2  ) 

'  '  .  c  ^  .  s-  s  §  f.-;i  -  ^  i? .  t**  *"  if  %  jp  *•..  .  r  •*•  • 

■-*  :  \  -  + 

Equation  (5)  must  be  solved  by  the:  method  of  trial’ and  error 
5 . 31n( 2d* )  +0.266  cpsh_1(4/d2)  =1.3 


1st  trial 


*>  4: 

.iGr 


^let  d2  =  1  ft* 


5 . 31n( 2 )  +  0.266. cosh"1 (4)  =  4.22. 

.*■ '  ■  iff* m*  Xc.  *  *  '  ,  ^ 

This  value  of  d2  is  too  high.  \ 


2nd  trial 


let  d2  =  0.60  ft. 

5 . 31n(  1 .  2  )  +  0.266  cosh" 1  (6 . 67  )  '  =  *1 . 65 


The  value  of  d2  is  still  high,  -'p4 


X  '•  V-  ’* 


*  ’  i,  A  *  ‘  Si  *  ?  r  f 

3rd  trial  '  '  "r 

let  d2  =  0.55  |j> 

_i-  v- 

5 . 31n(l . 1)+  0.266  cosh"  (7.27)=  1.22 

This  value  is  very  close,  but  lower  than  the  required  value 

of  d2  •  &  «*!  "  e  ~  *  iii  w  • 


4th  trial 


3  ’  *  •t  H 

£  ; 

let  d2  *  0.56  ( 

5 . 31n(l . 12)  +  0.266  cosh"1 (7.14)  =1.3 


'  - 

The  outside  diameter  of  the  insulation  should  therefore  be 
about  d2  =  0.56  ft.  =  6.72  in. 


■S\  I  ;i  (  >) 


Sa  •  .  •  PROBLEM  13-8„  r 


The  lateral  ; surf ace “of  a  copper -rod - is  insulated  and  its 
two  ends  are'maintained  at  a  constant  temperature  of 
70°F.  The  rod  is  0.2  in.  in  diameter  and  1  ft.  long  and 
its  thermal  conductivity  is  220  Btu/hr  ft°F.  Conduction 
in  the  rod  is  one-dimensional  (along  .the  length).  ,  Cal- 
culate  the  maximum  electrical  current  that  may' be 
carried  by  the  rod,  such  that  the  temperature  at  any 
point  should  not  exceed  250°F.  Do  the  calculations  for 
two  values  of  electrical r resistivity-  ^ 

,  a)  Constant  at  1.73.x  10” 6  ohm-cm 

I  i  ^  \ft.-  C*  _6  ’*’* 

b)  equal  to  1 . 73 [  1+0 . 002(  t-70 )  ]  ><10  ohm-cm 


^  ;•  .41  ,  -f  -  ('■  u 


Solution  :  ,jThe  (resistance  of  ;,the  wire  R;is<  given  as 


t>  _  resistivity  x  length 
cross-sectional  area 


1.73  x  10  6  x  ——  x 


12 


2.54  n( 0 . 2 ) 
***  f  ^  *7.2.60  .  10“*  phm. 


.C 


♦  >r  L  ■rr 


4ft  t 


The  differential  equation  applicable  to  thisvbase  is 


d  t 
dx2 


+  3*  =  o 


•  v  .  0  s.i  t  I 

£  ■  f  ('^■r  '  +  f  **  f  f  * 

The  boundary  conditions  are* ' *n  * 


^  v  ■%.  f  J  hi  ...  . 


at  x  = 


x, 

'  "J 

X  =  x2 


~  i  i 

..  *'  z.ii  .  ,* .  rt 

~  f  2  0  *  F 


"l 


rv 


842 


Using  these  conditions,  the  differential  equation  can  be 
solved.  Integrating  twice  gives 

Q*  X2  *  9. 

t  +  k  2"  =  Bxi+  C 

^  ‘  "  .4.  $  '  -f 

Solving  for  the  constants  by  inserting  the  boundary  con¬ 
ditions, 

\  *  ..  V  *  •  f  ■+  J  -Mi  + 

b  =  +  al;(X2+xi1  ■■■■*' 

X2-xi  2k  <‘X2  Xl ' 


C  =  X2 1  i  —x 1 1 2* q* 
X2-X1  2k 


Inserting  these  constants  in  the.  integrated  expression, 

•  -  [*'++  <-;>]; - (^n 


Substituting  the  numerical  values  into  this  equation, 


250  =  70  + 


70-70 


<°-5>]  +  1*  2^0  [V  -  T5  2]i 


from  which  j- 


Also , 


;q*  =  3.168 x io5  Btu/hr  ft 


q*  = 


Volume  , 


Equating  these  two  expressions  for  q*,  ? 

*  J  5  .1  * 

3  168xio5  =  2 , 60xl0"4xl 2  x3 .413 
[12xttx  (0.2)  2]/1728 

from  which  the  maximum  current  I  is  found  to  be  279  Amp. 


(b)  The  given  linear  resistivity  ^law  yields  a  linear  resist- 
*.  t  ance  '  ■*  <  *  i;,r  ^  >  ■ 

-  .  W  -  *  •«  5  *!.  ?.  I  ? 

R  =  2.60  x 10  [1  +  0.002(t-70))  ► 

•'  *. . .  ar  :*u%  ,  r  r  /  '  -  * 

The  heat  generation  wills  also  "depend  linearly  on  tempera¬ 
ture,  with  the  rate  constant  b=0.002  1/°F.  This  is  because 
linearly  dependent  heat  generation  follows  the  relation 

q*  =  q*[l+b(t-tL)]'  J 

’  >  -  -  “  '  i  E«..*  <  '  '  .  •  . 

The  differential  equation  irt  this  , case  is 

...  .  .....  4  ■%>:  -  i  ,  ■  ■  '  ■  ■  •  T  ■* 

,  ■  rt2f  qf  » .■  *  i  *  ,  $  .  » 

’■  •  ^U^TJl+MftT)]  =0  i,  ►,  >  2> 


The  boundary  conditions. are  ^  ^ 


At 

At 


% 


x=0 : 

x=L : 

•  tl  M 


dt 

dx 


r). 


=  0 
<  , 
t  =  t. 


r 


This  differential  equation  when  solved  gives  the  expression 
for  q*  and  also  the  expression  *  '  ± 


to  =  tL  + 


~  (— —  -  A 

b  \  cos  mL  /  *1 

.  '  /riF 

=  |\jb  tt 


where  m 


Substituting  the  numerical  values  in  this  equation  gives 

...  ^  „•  v>  ■  ’  '’^l  1  \~  f  t-  .  ~1  ;  ~  * 

*  ~  'j25°  =  70  +  0.002  Lcos(0.5m)  "  ,X J 


and 
Therefore , 


m  *  1.489  1/ft. 

.  4*.  ;  .  ;  v  !=■  ‘ 

s  q£s=,  (h189>2.  o^§2 


SM  J 


=  2.44  x  lo5  Btu/hr  ft 


The  quantity  q*  is  the  dissipated  energy  corresponding  to  the 
coefficient  in  the  above  [resistance  law.  Again, equating  both 
the  expressions  for  q£ 


or 


q*  =  2.44  x10s  =  —  *  60x10 _ 4xl 2x3 .413 

L  ,  fay  fl2xTTx  (o*  2)  21/1728 

I  -  245  Amp.  ^ 

_  "  *  ■■  *  r$;  n 


i{:  .4 


■-  J  1 


u .  a 


r 

t,  vf. 

-ji 


*.*■ 


p-<  ’<'.'•’•1 


•  PROBLEM  13-9 


-  .  X  ■  ...»  "  *  -  "  -  ■ 

A  fin  of  length  L  having  an  insulated  tip,  has  a  uniform 
initial  temperature  Tw,  equal  to  that  of  the  ambient. 

The  base  temperature *  is  suddenly* changed. to  T0  and  is 
maintained  at  that  temperature.  Find  a  first  order  so¬ 
lution  that  gives  the  approximate; temperature  variation" 
in- the  fin.  r  ,  *  .  *  ^  *0  i-,-  ir>;  ,  *  ...  .  t  1  , 


U  ■  '  ’p 

Solution;  The  solution  involves  the  penetration  depth  ,  and 
its  formulation  may  be  given  in  two  successive  time  domains. 
In  the  first  domain,  the  penetration  depth  is  less  than  or 
equal  to  the  length  of  the  fin, and  in  the  second  domain,  the 
temperature  of  the  tip  arises  from -zero ^to  a  steady  value. 


844 


Consider  the  lumped  control  volume  and  the  differential 
system  shown  in  Fig.  1,  the  integral  formulation  of  the 
problem  for  the  first  time  domain  is  5  i; 

I  £/ 0° edx  °  (M)  - .“*/  J°9dx-  (1> 

J  0  '  ■  ‘  X^TO  J  0  .|i 

where  6  =  T-T,*  and  x  has  its  origin  at  the  penetra¬ 
tion  depth.  -  - 


It  is  convenient  to  select  a  spacewise  parabolic,  time- 
wise  unspecified  Kantorovich  profile  which, satisfies  the 
boundary  conditions  of  the  problein  and  which  is  expressed  in 
terms  of  the  penetration  depth  i 

'~v  '  <2> 


Insertion  of  equation  (2)  into  equation  (1)  and  subsequent 
integration  gives  the  nonlinear  differential  equation 

d  ip  2-  *  \6a  .  n  ■  .1  ;  ,  ..  * 

— rr~  +  am  1  o  , 

v  -  dt  ,  .  ,  *  ..To  .  .  .  “  -  {  '  $  ii* 


which  can  be  made  linear  in  terms  of  to/2  as  follows: 


■t  + -2am2  (t  o /2)  =  6a. 


.845 


Equation  (3)  is  to  be  satisfied  by  the  condition 

*  _ ,To(0)  =  0.K  -  (4) 

and  the  solution  is  ' 

l  :  : 

This  equation  is  now  used  to  determine  the  penetration  time, 
to,  at  which  T0(to)  =  L.  It  is  given  as 

■  (y  \ 

I  t0  =  2arP"ln  (  76  )»  (6) 

\  !  "  t 

|  whereby  -  mL.  j 

Now,  inserting  equation  (5)  into  equation  (2)  and  rear¬ 
ranging,  the  temperature  of  the  fin  in  the  first  domain  is 
obtained,  '  '  “  - 

Q(x,t)  =  _ m2x2 _  (7. 

*  6[1  -  exp(-2am2t)]  y  J 

The  differential  and  lumped  systems  for  the  second  time  do¬ 
main  are  shown  in  Fig,  2. 


Fig.  2 


•  h'CX  (I>  >.  *  *  ‘  •r'1  !.  $  (  ’ !  ■  ’  ■  ff  •  - 

itd  1. 1  i 4  's.  “■  ,  <  t,h  -■  ui  *  7 

Since  the  tip  of  the  fin  is  insulated,  rather  than  referring 

to  figure  (2),  the  integral  formulation  of  the  problem  for 
the  second  time  domain  is  obtained  by  replacing  To  by  L  in 
equation  (3). 
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V. 


>  Now,  introducing  the  dimensionless  variable  £  =  x/L  and 
the  parameter  y  =  mL  in  equation  (8),  which  on  rearranging 
gives  r 


Lf. 

a 


4iJo  6d«  "  (H).  -•**  J* 

\  E=1  J 0 


ed£. 


i 


The  first  order  Ritz  profile  is  employed,  a0  is  a  time  de¬ 
pendent  parameter, and  the  function. a0 (t )  is  to  be . determined , 
therefore 


6( C * t )/6 o  =  1  -  (1"-  C2)a0(t). 


(10) 


This  is  a  first  order  Kantorovich  profile.  Inserting  equa¬ 
tion  (10)  into  equation  (9)  and  integrating,  we  get 


da0  ,  3a  /-  y2  \  _  3a 

dr  +  i^\1  +  Tja"  •  t? 


(id 


The  initial  condition  to  be  employed  on  equation  (11)  is 


(t  o  )  =  1  *■  ,  r 


f 


f 

**  t 


(12) 


Then  the  solution  of  equation  (11)  which  satisfies  eq.  (12) 
is 


*■  * 


ao(t)  -  l+y2 


%  *  •*>'  [-3(l  +  4)^|  .  .(13) 


1  Introducing  equation  (13)  into  equation  (10)  gives  the  temp¬ 
erature  of  the  fin  in  the  second  time  domain  , 


As  t  +  t0,  equation  (14)  approaches  the  upper  limit  of  the 
first  time  domain  solution,  equation  (2)  for  T0=L,r  and  as 
t-^»,  it  tends  to  the  steady  solution  given  by  the  equation 

.  PP  -  1  -  T^73  (1,:.5.2)  (15) 

*  ' '  i 

,  *  «.  ■'  ^  -  != 

The  error  of  equation  (14)  is  of  the  order  of  that  obtained 
in  eq.(15).  , 


v 
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Temperature 


*  a.-  •.  j 


•  PROBLEM  13-10 


A  wire,  5/8  in.  diameter,  at  a  temperature  of  500°F  is 
suddenly  exposed  to  a  cooling  medium  which ’is  at  110  °F 
Evaluate  the  temperature  response  when  the  cooling  me¬ 
dium  is  ‘  v 


a)  water  (h=15  Btu/hr.ft2.  °F.  )  and 

i  s'  '■ti  **■&■:  t  T  ■  '*  '  „  *  •  **  ’  *  •  * 

ab),  -  .air  (h  =  2,  Btu/hr  .f  t 2  .  °F.)  ».  & 


Given  the  properties > of  the  wire, material ^  . 

p  =  560  lb/ft3  ,  k  =  216  Btu/hr.ft. °F 


q  f  .  '  *■■■!.  ’’ 


and  - ni  C  >  ="0.09  »Btu/lbf'°F.'-  ^ 

t  -  p->  .<  ■  v  >  t  t  .  *  •  sv  1 


"  U  ) 


't!  &■  f  -  t  .  .  .  i.  r. 

i  1  •*  - 

-  /  4  i  »  / 


KXUUUIUI 

HBBBBB™™™"* 

■SSSbSbSSSBBbSI 

HBHS 


•  * ...  J  Cooling  of  wire  in  air  and  in  water.  ?  f  *  ' 

*  ;s..,  i  ^  ■  -jc  r  f  «  >  '  -  ?  ~— 

ji  j  t.  v  *  „  *r  ,  s  '  *  ■  ' 


Solution:  The  Biot  number ' i s  ’de* f i ne*d  as  J  1  * "  *  5 

•  .  JV*,!'  vOi  (i)  *'.4*  -If."  4  • 

.  ,„r  ^  ■  -  ?  r  ”* 

Bl(,  "  kA 

■  '  c  -  1'  >  r;  --  -t  ■  i  «■  -•  ,  • 

where  h  -  convective  heat  transfer  coefficient 

k  -  thermal  conductivity  of  the  wire  material 

•4.^  Jap  h  V.  -  .volume t of ’^the. wire  *  j  ■  &■>.  ^  . •  >  *  ..  -  -  r  *  * 

A  -  surface  area  of  the  wire  *  r 


Bi 


Therefore  for  water 


(15)  x  tt/4  D2L 
216  x  *  DL 


_  15  v  D  *_  15  w  (5/8x12) 

‘  216  4  “ "  216  -  •* 

1  ■  it. 

=  9.04  x 10“ "  «  ■ 

*  •  >  •  If  *’  ^ 

which  is  less  than  0.1,  hence  the  lumped  parameter  analysis 
is  valid  for  the  temperature  history  of  the  wire.  The  Biot 
number  will  be  less  for  air  as  the  cooling  medium; 


The  temperature  history,  can  be  found  from 
parameter  analysis  equation -as 


t 


h  A  t  h.x  t  A 

e  PCp  V  =  e”p x  Cp:  V 


the 


i 


lumped 


where 


T  is  the  temperature  of  the  cooling  wire  at  any 
instant  of  time  t  ~ 


TQ  is  the  temperature  of  the  wire  at  time  t  =  0 

Tw  is  the  temperature  of  the  cooling  fluid  and  re¬ 
mains  constant  during  the  process  of  cooling. 


Substituting  the  known  values  in  the  equation,  yields 


*  ht  x  A 


T  -  110.0 

T  -  110.0  -  0.09*560 

500  -  110.0 

S  390  e  r  j! 

C  ’ 

-1  4 

ht  x  4  x  12 

T  -  110  =  390 

-  0.09x560x5/8  Op 

a.  * 

.  V  -A 

■  1  '  :  \  ■■  * 

=  390 

-1.5238  *  ht  o 
e  F 

For  air 

=  390 

-1 . 5238’  x  2  x  t  o  i 

e  -  r  ! 

=  390 

-3 . 04 1  o _ 
e  F 

i  ’  • 

r. 

. .  •  (  :  ,  * 

and  for  water 

=  390 

e22*8t  oF-  ..  ,  i  - 

4 

Thus ,  the 

temperature 

history  for  cooling  wire 

.  :  .il  ' 

in  air  T  =  110+  390  e_3*04t  °F  and 

.  }  ■  a  -  ■  ■  ;! 
in  water  T  =  110 +  390  e~22 * 8t  °F 

w  i, 


Cooling  curves  are  shown 


in  the  figure  for  both  air  and  water. 


1 


•  PROBLEM  13-11 


yfcs  t  *?:  r,  >  ?  j 


A  liquid  is  maintained  at  a  uniform  temperature  T\  , 

above  its  melting  temperature.  One  boundary  of  it  is 
suddenly  lowered  and  maintained  at  temperature  To  below 
its  melting  temperature.?  i,  ^  .f- 

Evaluate  the  location  of  the  solid  liquid  interface  and 
also  the  temperature  distribution  throughout  the  system. 


"•  :1s.  ' r"  ‘  *'  *  i.  »  ' *  *  '  **  r  r 


n  i  |  *  «*•?  * 

—  *  :t-«  *  I  *  :  « 

..  A.  i' 


t  r  '  ,  *  %■ 

Solidification  in  a  half-space. 
Two  phase  problem..  ... 

**  ,  **  • .  r  *  •  r  •  •• 

?' .  #^15  T*_  .*«;r  *  • ...  .  "i*  $r%*  *■»-£• 


Solution':  The;  differential  equation  for  the  representation 
of  the  solid  phase  is 


32ts  r>Ts(x.t)' 


"3xT 


a  -  l* 
-  s 


3t 


%  V* 


T  (x,t)  =  T„ 

s  *  in  *  3 

and,  for  liquid  phase 

32T*'_  r  9Vx,t) 

""Sx"2" 


ai 


3t 


T£(x,t)  =  T. 
T£(x,t)  -  T 


i  .  ■  % 


in  0<x<s(t),  t  >  0 

'  L 

<*  >c 

at  x  =  0 ,  t  >  0 

**  in  s(  t )  <  x  <  »,  t>0 
for  t  =  0 ,  in  x  >0 
%■  f  as  x  *►  °°,  t  >  0 


r  •  t  .■*  , 

conditions  for  and  at  the  interface  x=s(t) 

"  • ,r  .  ,  '■  * 

Tg(x,t)  =  Tfc(x,t)  =  Tm  at  x  =  s(t),  t  > 0 

.X  ;  /  * 

3T  3T 

i-  ,ks  "3#  "  k  *  =  pL  ^T1  at  ■*"  s(t),  t  >0 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
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-  -1 


Now,  assume  a  solution  of  the  Jform  .  H 

.<  .  ■  *'  ■  - 

,i!  -  Ts(x.t)  T»  +  A:>erf  [x/2(a-t)*j>->,» , 


■if  t  ± 

it  *  *T  Jt 


The  equation  (1)  for  solid  phase,  and  its  boundary  condition 
are  satisfied. 


Again ,  ‘'assume  a  solution  for  T0(x,t)  as 
*  ’  ^  , 

T«(x,t)  =  T.  +  B  erf  c  |x/2  ( a  it  -  (9) 

•  !,L  j  .«  -  ■.  -i* 

♦  «  NS  •  r 

The  differential  equation  (3)  for  liquid  phase  and  initial 
and  boundary  conditions  (5)  and  (4)  !are  satisfied.  f: 

.  (.  i  j!t:>  tr  t  ■  *  %*_  '\'  4  • 

...  t  ■*  - 1. 1  •  'f  -v »  '  V 

A  and  B  are  the  constants.  Substituting  equations. (8) 
and  (9)  into  the  interface  equation!1  (6)  yields 


where 


1;  fa 

To  +  A  erf  (  X )  =  T^ +  B  erfc  M  ~  =  ' 

. ,  .\:  *r$rs  -  ='2ix<y>4 


:  ;  r.  i  i 

The  constants  A  and  B  found  from? equation  (10)  are 

■  ■  i ;  I  i 

A  =  Tm~T°  ■  >  Tm  -  Ti  ' 

erf  (  X )  ’  erfo[f(as/aJ[)i] 

l  ■  >  •. 

Now,  the  temperature  distribution  in  the  solid  and  liquid 
phases  can  be  obtained  by  substituting  the  values  of  constants 
A  and  B  into  equations  (8)  and  (9)/ 


Thus  T  (x,t)  -  T  erflx/i(<* _t)i] 

•'  ,  -  .  <  ’  T  -  T  •  ■  erf(f )  ~t  ■  *.:r  (12) 

^  f  ,  ••  J®,*  ,  °  ....  ,%*  ••  f  1  - 

T^x^t)-!^  erfc(x/2(afct )§] '  *  *  r  ‘ 

I"  Tm-T  =  erfc[X(a  /a ,)*]  />•£.»?«<  <13) 

'j  i  O  jJ  A  J  J  A  HI  l 

In  order  to  find  an  expression  for  the  constant  X,  expres¬ 
sions  for  s(t),  Tg(x,t)  and  T^(x,t)“  obtained  from  equations 

(11),  (12)  and  (13)  respectively,  are  substituted^into  equa¬ 
tion  (7),  which  results  in  I5  ‘  ~  "" 

e-X2  AfcV  Tm-Tl  XL/?:  ’  (1n 

erf(f)  ks\a>.)  Tra-To  erfc[X(os/a4)i]  Cps(Tm-T0) 

4  f  H  It-  Ji  *y,;- 

851 


Thus,  after  evaluatingr X ,  the  ‘interface  temperature  s(t), 
the  temperature  distribution ,T  (x,t)  in  the  solid  phase  and 

f  .  s  . 

T*(x,t)  in  the  liquid^phase  can *be  obtained  from  equations 
(11),  (12)  and  (13)  respectively. 

;  -  -  * 


t  «  •  PROBLEM  13-12 

A  solid  metallic  block  of  width  2b  is  initially  at 
an  uniform  temperature  T0.  Instantaneously  the  tem¬ 
perature,  at  time  t=0,  at  both  .the  end  surfaces  is, 
raised  to  'and  maintained  at  Ti " 

Derive  an  expression  for  the  temperature  distribution 
along  its  width  as  a  function  of  time. 

'  ,  -J  ..  -i  *•  -  ■» 


Solution :  The  figure  shows  the  cross  section  of  the  slate 
with  temperature  for  time  t  >0,  The  problem  involves  a  three 
dimensional  analysis. 

For  simplifying  the  problem  non-dimensional  parameters  are 
introduced.  * 


For  temperature  gradient  11  r  * 

.  - ■  .  X  .  ♦  ,  .  ■  •  :  :  i  i  ,  ?  T  .  t 

„  . .  T-T  j_ , 

’  6  "non-dimensional  temperature 


t  CD 


8.  =  ^  non-dimensional  width  ■ 


*  ( 2 ) 


....  *  I  V  •*  j*-i  *• “"?• 

non-dimensional  time 


852 


Now  the  problem  reduces  to  the  simpler  partial  differential 
equation  *.  *  *  i 


36  _  32e 
cTr  “  3«T 

with  boundary  conditions  “  *" 

0=1  for  time  t  *  0  Initial  condition 

6  =  0  at  I  8  +  1  for  x  >  0.  " 

*  ■*’  rv*  -  ■ 


(4) 


Equation  (4)  can  be  solved  by  variables  separation  method  and 
the  solution  can  be  written  as  * 


'0  =  ae“^  T(csinfk  +  dcosBt  ) 
where  a,  c  and  d  are  some  constants. 


(5) 


Since  the  problem  is  symmetric  the  above  function  should  be 
even.  This  implies  that  c  =  0  and  hence  the  term  csinti* 

vanishes.  <<  ... 


i  t- 


tut  -I  V 

.  v  •*» 


Substituting  the  boundary  condition 
0  =  0  for  t  >  0 


0  =  (ae-^  T)dcos0A 


!& 


fti 


f  ^ 


This  implies  that  dcos&£  =  0 

-62t  .  n 
since  ae  f  0 

v  ■  T  „  nil. 

and  cosBS-  -  0  V  d 

£ 

"  the  value  ^of  Bn  =.  (n  +  .  £)" 


(6) 


where  n  =  0,  +  1,  ±  2, 

The  solution  is  .  . 

j  2  »  4  ^  ^ 

'  Q  -  (ae-?  T)  ( dcos0£ ) 
where  0  -  (n  +  i)iT  .  . 

The  above  equation  can  be  written  as 

i  *  ^  —  R  ^  *r  ■  _  i) 

6n  =  An  x  e  n  x  cosBn^  .  _  . 


&  * 


»  i 
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where  JAl^is  ‘another  constant  ^  a'x  d?  *  For' different  values 
of  n,6  will  be  different,  hence  for  all  integrals  from 

f  in-  — oo  to  n  =  +«> 

*  '  •  » 

9  =  Z  An  e"^n  T  cos0n*  '  "  *  *  T  1  (7) 

n=0  ‘  ,  #vf-i  o  -  t  r 

Now  to  find  the  value  of  An  substitute  the  initial  condition 

■  ,  i,-  '  ►'  l  •  ►  !  •  *  »  +  '  ■* 

i.e.  0=1  for  time  t  =0 


'a*'  cSse.l  B“-': 

n=0 


r  -  ■ 

-  flr  j..  *  > 


(8) 


Multiplying  both  sides  by  cos0  and  integrating  between  the 


limits  -1  and  +1 

+1  +1 


m 


mA-i'i 


+  1  +1  *«.?■*-  H  ■  *  .  >  .  'i. 

|  COS0^1  =  j  1  Aq  COS0jjt  OOS0jjjt 

-1*  Jt-.  -  -1  n”°“  *  t.,  4  •'?  '\1-  .  .  ^ 


‘-wi/e  4  f 


I-  ~  J  *  4  -  .  L 


On  the  right  hand  side,  except  for  m  =  n,  all  the  other  terms 
when  m  f  n  are  each  equal  to  zero.  When  m  =  n  it  is  equal  to 
A_ 


n 

2  * 

On  the  left  hand  side 
+1 


Sy.  -u 


"}t!L  ^ 

0  <  1 


-1 


C-l)m 
cos6m1  =  (iTiF 


A  =  2  (-D 

n  (m+i)Tr 


m 


(9) 


Substituting  the  value  of  A  and  0_. in  equation  (7) 

n  \  V-  *  ?  a 

2  f0  (m+|)ir  x  e"Gn+i)l0ii  ^xK50s[Jn+i)iri“]  a.  * 


(10) 


Now  substituting  the  transformed  parameters  in  equations ( 1) , 
(2)  and  (3)  and  putting  m  =  n  ' '  '  ‘  *  ;  ’ 


T-Tl  00  (  i  -fn  +^2at  •  i  "*  ' 

-  =  2J0  {sih  x  e  5  b*  -  oo. (n»+5)  -I  .  (11) 


T  -T  . 
o  1 


This  is  the  most  generalized  equation/ 

Solutions  for  heat  conduction  in trectangular  parallelopipeds 
and  finite  cyclinders  can  be  worked  out  similarly. 
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CONVECTION  •  ■  <  -  * 


•  PROBLEM  13-13 


Water  at  80° F  is  being  heated  by  a ^vertical  plate. 
Determine  the  temperature  at  which  ,jthe  plate  should  be 
maintained  if  the  rate  of  heat  transfer  from  the.  plate  to 
water  is  5000  Btu/hr.  The  values  of-  the  constants  for  the 
number  may  be  taken  as  a  -  0.13  and  m  =  1/3. 


■i  li'  h  . 


Container  1 


•  ,  •*  tt%  ■>  ■'  **  ' 

. 

•“>  i 

Solution ;  An  iterative  method  is  adopted  to  solve  the 
problem.  A  plate  temperature  is  assumed  and  using  the  Nusselt 
number,  the  convective  heat  transfer  coefficient  is  obtained 
Subsequently,  the  plate  temperature  is  re-calculated.  The 
above  procedure  is  repeated  until  the  value  *  1 


s  T 


assumed 


calculated 


is  approached.  " 


The  heat  transferred  from  the 'plate  is  equal  to  the  heat 
supplied  to  the  plate 


* 


41* 


-  * 


Therefore,  q  =  hAAT  (AT  =  T  -  T  ) 

.  .  r  p  w  ' 

$ 

or  5000  =  h(£  x  l)  (T  -  80) 

•'  »  -P 


where  subscripts  p  and  w  refer  to  plate  and  water, 
respectively 


or  10,000.=  h(T  -  80)  '  ? 

;  P 

The  average  film  temperature  at  the  plate-water 
interface  is  given  by  * 


(1) 


Tf  =  i  (T  ,♦  ,TW) 
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The  turbulent  (boundary  layer  type)  free  convection  flow  is 
given  by  the  equation 


■.*  - 

Also, 

Hence, 


^  »  Nu  =  0. 13  (Ra)1/a 
Kf  '  * 

*  ► 

t  •  •  •  V 

*  h  »  0.13  --  (Ra) 

1  +  ~  i  .  -  v  .  - 

;  t  ..  ;  ; 

Ra  =  afL3AT 

h  =*  0.13  Kf  afVa  <T  -  Tw)Va 


(2) 

(3) 


Equating  (1)  and  (2),  we  get 

r.  .  r 

*  T  J  -80  "* 

P, 


/  77 ,000V 3/4 

Ufafl/J 


(4) 


A  value  of  Tp  is  assumed  in  order  to  calculate  the  film 

temperature,  the  values  of  af  and  kf  are  obtained  at  this 

temperature  (T_),  then  T  is  calculated  from  eq.  (3)  and 
•:  1  >  !*  P  .  i 

compared  with  the  assumed  value.  If  the  two  values  differ 

substantially *then  this  calculated  value  becomes  the  new 
assumed  value  and  the,procedure  is  repeated  till  we  get 
nearly  the  same  value.  . 


*  N"-  X 

Assume  T  =  120°F,  then 
P 

.f  Tf  “  i  (120  +  80)  = .  100®F  ;  , 

From  property  tables  of  water  at  100°F, 


Jr  7  aj  =  547"  x  :106* 

•j.  *  4  4  .. 

■  *  '  ■  iKf  =  0.363 


or  T  -  144°F 

P 

"  ’  -  '  -  •  '  ,-  t. 

Assume  T  ®  144°F 
P 

Tf  =  i  (144  +  80)  =  112°f/ 
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Therefore,  af  =  697  *  106 
Kf  =  0.367 
af1/s  -  883 


or  Tp  =  140°F  which  is  reasonably  close 
to  the  assumed  value. 


Properties  of  Water 


tfF) 

SituntioD 

prtxiurt 

<P*U) 

P 

(Ibm/ft*) 

M 

0b/hr  ft) 

* 

(Blu/hx  ft  ®F) 

e p 

(Bto/lbm°F) 

X  10”« 
<l/fta  °F) 

40 

0.122 

0326 

13041 

113 

50 

0.178 

0334 

13013 

9.49 

60 

0.256 

0341 

154 

70 

0.363 

62.30 

237 

0347 

03987 

631 

238 

80 

0.507 

6232 

20)8 

0353 

03982 

539 

330 

90 

0.698 

62.12 

135 

0358 

03980 

5.15 

435 

100 

0349 

620)0 

135 

0363 

03980 

435 

547 

no 

138 

61  36 

139 

0367 

03982 

436 

670 

120 

13 9 

61.71 

135 

0371 

03985 

334 

804 

150 

222 

61.55 

134 

0375 

03989 

339 

949 

140 

2*9 

6138 

1.13 

0378 

03994 

330 

1100 

150 

3.72 

6130 

1.05 

0381 

13000 

2.74 

1270 

160 

4.74 

61  OX) 

0.968 

0384 

13008 

232 

1450 

170 

5.99 

60  JO 

0.900 

0386 

13017 

233 

1640 

180 

7  SI 

60.58 

0339 

0388 

13027 

2.17 

1840 

190 

934 

60.36 

0.785 

0390 

13039 

232 

2050 

200 

list 

60.12 

0.738 

0392 

13052 

139 

2270 

212 

14.696 

59  33 

0386 

0394 

13070 

1.76 

2550 

220 

17.19 

59.63 

0355 

0394 

13084 

137 

2750 

240 

2437 

59.11 

0388 

0396 

13124 

131 

3270 

260 

35.43 

58  36 

0354 

0397 

13173 

137 

3830 

280 

49  JO 

5736 

0.487 

0397 

13231 

136 

4420 

500 

67j01 

5732 

0.449 

0396 

13297 

1.17 

5040 

520 

89.66 

56.65 

0318 

0395 

13368 

1.10 

5660 

540 

118011 

5554 

0393 

0393 

13451 

134 

6300 

360 

1530) 

55.19 

0371 

0391 

13547 

130 

6950 

380 

195  J 

5438 

0351 

0388 

13662 

037 

7610 

400 

24  7  3 

5331 

0333 

0384 

13800 

034 

8320 

420 

3083 

5231 

0316 

0379 

13968 

032 

9070 

440 

381.6 

51.68 

0301 

0374 

1.1168 

030 

9900 

460 

4663 

50.70 

0385 

0368 

480 

566.1 

4937 

0372 

0362 

85? 


V?:  .'fi 


Checking  for  the  Rayleigh  number 

R  «  a_L3AT 
af  f 


I'  •  "  " 


r 


-  697 x 106  (i)3  (140-80)  *  5.24 x  IQ9 


Since  K 

af 


required 


>  109,  use  of  equation  (2)  is  justified, 

*■'  f~<  A  ^  i  t 

plate  surface  temperature  is *140°F. 


and  the 


N: 


•  PROBLEM  13-14 


Consider  a  heating  chamber  with  a  1  ft  high  vertical  wall. 
The  wall  surface  temperature  is  450°F  and  the  ambient 
temperature  is  100°F.  Find  the  convective  heat  transfer 
coefficient  and* the -rate :of  heat  transfer  per  unit  surface 
area  of  the  wall.  Neglect  radiation  heat  transfer. 

%n  u  *  -*•  i-  ■'■f  —  m.  v  *■ 

*■-:&  i  1  x  ;  ■.  '  k  r 

''Table  1.  " !  ‘  «■ 

'S  *  s.  ,  SL 

;  Physical*  Properties  ’  of  ':,Air  at  1011325  kPa  (1  Atm  Abs) 

’  5 (English  Units) 


i-v 

T  *  p 

cf)  :  IV/fV 

c> 

(  btu  \ 

«  P 

{centipoise) 

k  * 

(  b,U  ) 

k 

‘■S.M 

-  pr 

fi  K  JO * 
<//”*)  , 

vrRfi') 

,  W'F) 

\h  ft  ■  *F  J 

0 

»  0.0861 

-  0.240 

0.0162  - 

0.0130 

0.720 

2.18 

*  4.39  X  10* 

32 

0.0807 

0140 

0.0172 

0.0140 

0.715 

2.03 

311  x  10* 

50 

0.0778 

*  0140 

0.0178 

0.0144 

0.713 

1.96 

‘  Z70  x  10* 

100 

0.0710 

•i.  0140 

0.0190  f 

0.0156 

0.705 

1.79  ' 

1.76  x  10* 

y  ' 

150 

~  0.0651 

r  0141 

0.0203 

0.0169 

,0.702 

1.64 

"  112  x  10* 

200 

0.0602 

0141 

0.0215 

0.0180 

0.694 

1.52  . 

0.840  x  10* 

* 

250 

’  0.0559 

"  0142 

0 0227  " 

0.0192 

0.692 

1.41 

0.607  x  10* 

•  0 

300 

K  0.0523 

1  0143 

0.0237  » 

0.0204 

-  0.689 

1.32 

0.454  x  10* 

* 

350 

0.0490 

0144 

0.0250 

0.0215 

0.687 

■,  113 

0136  x  10* 

* 

400 

0.0462 

-  0145 

0.0260  .. 

0.0225 

0.686 

1.16 

0164  x  10* 

* 

450 

0.0437 

*  0146 

0.0271 

0.0236 

0.674 

1.10  . 

0104  x  10* 

500  > 

0.0413 

0147 

0.0280 

0.0246 

0.680 

<  1.04 

0.163  x  10* 

5  -1  4 


i  ,  .  *  t  • 

Solution:  For  a  vertical  plate  at  constant  temperature  and 

having  a  height  of  less  than  3  ft,  the  average  natural 
convective  heat  transfer  coefficient  is  given  by  the 
following  equation  > 


Nu 


=  hL  ,  a  (LVg3AT 
k  A  p*. 

=  a(GrPr)m 


«-1 


m 
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where  a  and  ra  are  constants  and  can  be  found  from  the  given 
table. 


The  physical  properties. of  air  are  found  at  the  average 
film  temperature 


Tw  +  Tb  450  +  100  _ 
2  ’  2 


275°F 


u  •  %%  .  •  U 


Hence,  from  table  1",  at  275°F 


k  =  0.0198  Btu/hr-ft~°F 

■  <*  \  a 

‘  J  p  -  0.0541  lbm/ft 3 
'  .1  ■ 

'  ,  v  ■  •  *  •  *  !■ 

V  =  (0.0232  Cp)  (2.4191)!=  0.0562  lbm/ft-hr 

t ...  - 

8  =  1/(460  +  275)  =  1.36.x  10“3/°R  4 

-  f  U  ir 

Pr  =  0.“690  and  '  AT '=-*450  -"100  =’350°F 


Grashoff  number  is  defined  as 


=  1.84  x=10e 

Gr  Pr  =  (1.84 x 10e )(0.69) 
‘  «  1.27  x  10® 


From  table  2,  for  vertical  plates,  corresponding  to  - 
Gr  »  1.27x10®,  the  constants  a  and  m  are  0.59  ana  t, 
respectively.  Therefore,  ‘  w 

II  i 

xr..  _  Mi  =  n  ( 1 .27  x  10®)* 


„  r  or 


Nu  -  ~  -  0.59  (1.27  x  10® )* 
h  “  0.59  (1.27xl0 

>  „  -  .  il  '  ' 

h  =  1.24  Btu/hr-ft 2-°F. ‘ 
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Tal?1^2^  Ai  CJ:r:  ,L,  -  V  fa  i  W  .; 

Constants  for  use  with  Eq.  (1)  for  Nusselt  Number 


Physical  Geometry  ^  (Gr  Pr)  r 

a 

m 

Vertical  planes  and  cylinders  V 

e 

(vertical  height  L  <  1  m  (3  ft)] 

<10* 

1.36 

5 

.  .«■*»  f  ■  a  lO'-lO’- 

0.59 

i 

4 

•fc*  ;  ®  *■  '«■*•  '  ■*"  '*  *"’•  >109 

1 

Horizontal  cylinders 

(diameter  D  used  for  L  and  D  <  0.20  m  (0.66  ft)] 

<10‘* 

0.49 

0 

vVifi-*-io-?f 

0.71 

-'*■  * 

10“M 

1.09 

_x_ 

S*  -  ••  ^  >  i  S  v,  1-10*  / 

1.09 

10 

1 

10*-10* 

0.53 

5 

*  V-  id  t  fi  ^  >  1®*  --  ' 

Horizontal  plates  ’  '  •  " 

0.13 

T 

1 

1 

Upper  surface  of  heated  10* -2  x  107 

0.54 

1 

^  plates  or  lower  surface  ,  2  x  107-3  x  1010 

v  0.14 

...  4 

of  cooled  plates 

1 

3 

Lower  surface  of  heated  10*- 10' 1 

0.58 

1 

plates  or  upper  surface '  v  K  1  1  ^  * 

s 

of  cooled  plates 

1  *  *  -tl  :  S  +  ■  r  T  '  -  , 

<.r-*4lr  ac.  |  *-  -p.  V  *  ,  .-*•  I  *  SJ'-  * 

The  rate  of  heat  transfer  per  unit  wall  surface  area  is  given 

by  ■  '  .  %*  <• ,  ,  . 

q  -  hA(Tw  -  Tb) 

%.**%  )  XV  * t  p  r  •  **  '  >v  >  4 

~  ~  r-*  =  '1.24  *  1-  x  (450-100)*  =  434" Btu/hr .  ~  -  ~  ' 


•  PROBLEM  13-15 


A  3.5mx2m  vertical  plate  is  subjected  to  a  constant  heat 
flux  of  800  W/m2.  The  back  of  the  plate  is  insulated  and 
the  ambient <rair,fr;temperature  is  30°C.  Determine  the  average 
surface  temperature  of  the  plate ,  assuming  that  all  the 
incident  radiation  is  lost  by  free  convection  to ^the  *  ,  , 

surrounding  air. 


Solution:  In  this  problem,  the  plate  surface  temperature 

and  the  heat  transfer  coefficient  are  not  known.  The 
analysis  is  initiated  with  an  assumed  heat  transfer 
coefficient  and  using*this  value, fthersurface  temperature 
is  calculated.  Subsequently,  using  the  Nusselt  number,  a 
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new  heat  transfer  coefficient  is  evaluated.  This  procedure 
is  repeated  till  the  assumed  value  nearly  equals  the 
calculated  Nusselt  number. 


Physical  Properties  of  Air  at  Atmopheric  Pressure  (SI  Units) 


P  , 

(kg/w1) 

C 

P 

(kj/kg  •  K) 

y*  10* 
(Pet,  or 
kg/*-*) 

k 

<W/*  •  K) 

Pr 

— 

B*  10* 
U/M 

gBc*/W* 

<1/K*‘) 

mm 

255.4 

1.379 

1.0040 

1.62 

0.02250 

0.720 

. 

3.92 

2.79*  10* 

mm 

273.2 

1.293 

1.0048 

1.72 

0.02423 

0.715 

3.65 

2.04*  10* 

SSI 

293.2 

1.246 

1.0048 

1.78 

0.02492 

0.713 

3.53 

1.72*  10' 

BS8 

311.0 

1.137 

1.0048 

1.90 

0.02700 

0.705 

3.22 

1.12*  10* 

■99 

338.0 

1.043 

1.0090 

2.03 

0.02925 

0.702 

2.95 

0.775*  10* 

366.5 

0.964 

1.0090 

2.15 

0.03115 

0.694 

2.74 

0.534*  10* 

121.1 

394.3 

0.895 

1.0132 

2.27 

0.03323 

0.692 

2.54 

0.386*  10' 

149.9 

422.1 

0.939 

1.0174 

2.37 

0.03531 

0.689 

2.38 

0.289*  10* 

176.7 

449.9 

0.785 

1.0216 

2.50 

0.03721 

0.687 

2.21 

0.214*  10' 

204.4 

477.6 

0.740 

1.0258 

2.60 

0.03894 

0.686 

2.09 

0.168*  10* 

232.2 

505.4 

0.700 

1.0300 

2.71 

0.04084 

0.684 

1.99 

0.130*  10' 

260.0 

533.2 

0.662 

1.0341 

2.80 

0.04258 

0.680 

1.87 

1.104  *  10* 

Assuming  a  value  of  h 
area  is 

or  AT 

Therefore,  Tf  =  ^  +  30  =  70°C 
The  properties  of  air  at  70°C  are 

v  =  2.005 x  10~5m2/s  ,  6  = 

Lt 

k  =  0.0295  W/m°C  and  Pr  = 


=  10W/m2oC, 

q  =  hAT 
a  800 

sa  a  -  3 

h  10 


heat  transfer  per  unit 


80°C. 

or  343°K. 


-  2.92  x 10“3°K 
0.7 


The  Grashof  number  is  defined  as 


Gr 


g0V 

kv2 


Gr 


9.8  x  (2.92  x  10~ 3 ) ( 800 )( 3. 5 ) 4 
(0.0295X2.005  x  10-5)2 

2 . 9  x  iol **  (greater  than  109) 
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The  flow  of, air  around  the  plate  is  turbulent  as  the  Grashof 
number  is i greater  than  10 9 .  Hence,  the  Nusselt  number  is 
given  by 

V 

Nu  =  0.17  CGr  Pr)  '4 


or 


Vi.  1  •  • 
~  *  r- 

i  .  t 


Nu«  = «  0.17  (Gr  Pr )  V4 


t 


h  a  O^P.295  (Q.17)  (2.9  x  IQ14  x  O.7)^ 


3.5 


I 


* 


.  h  <  :  \ ;  ;  »  5.4:  W/m2  °C.  { 

'  *  ;  V  '  •  ..  /■  4  t  '  ■  >  '  ■  ’  r  - 

Now,  in  a  turbulent, flow  the  value  of  h  does  not  change 
appreciably.,  i  therefore  it  is  reasonable  to  assume  a  constant 
i value  of  h  for,  further  iterations.  ,  *  \ 

k  .  U  \  L\mU  =  i4g°c  * 

>  .  -h  5.41  !  •  « 


Therefore, 


148 


+  30  =  104°C 


Properties  of  air  at  104°C  are  . 

.  >'■  p  ;  . .  s  _,:V4  "  Or, 

v  =  2.354  X  10" 5  m 2 / s  ,  8  -  «*  2.65  x 10“ 3 

*  ►  f 


f.  < 


k  *  0.0320  ff/m°G  ,.  Pr  =*  0.695 

*  !  * '  i  '*  L  ’  • 


Hence,  Gr  *  (9»8)(2.65  x  10- 3 ) (800) ( 3.5 14  * 


(0. 0320)(2. 354 x 10“ 5 ) 2 
■:  %  • :  . 

=  1.758  x  1014 


or  using  the  Nusselt , number 


h  -  -  ( 0. 17) (Gr  Pr)l/h 

* : ./  ■  &  i 


=  (0. 0320 )(0,17)(1. 758  x  IQ14  x  0,695) 

"  ^TTT-"- 


Vh 


«  5.17  W/m2oC 


Thus,  the  new  temperature  difference  is 


AT  =^  =  155°c 

and  the  average  wall  temperature  is 

,155  +  30  **-  lSS^C . 
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•  PROBLEM  13-16 


Saturated  steam  at  30  psig  and  50°F  is  flowing  through  a 
2-in  OD  pipe.  Calculate  the  rate  of  heat  transfer  when 

(a)  the  pipe  is  surrounded  by  air  at  55°F 

(b)  the  pipe  is  surrounded  by  water  at  55°F. 

Assume  the  emissivity  of  the  pipe  surface  as  0.9. 


Solution :  Transfer  of  heat  takes  place  by  convection  only 
when  the  pipe  is  surrounded  by  water,  and  when  surrounded 
by  air, heat  transfer  is  by  convection  and  radiation. 

From  the  table,  corresponding  to  an  absolute  pressure  of 
30  +  14.7  s  45  psia  the  saturation  temperature  of  steam  is 
274. 4°F.  Therefore,  the  average  film  temperature  at  the 
pipe-fluid  interface  is 


T  „  274.4  +  55 


164. 7°F 


The  physical  properties  of  air  and  water  are  obtained  from 
the  tables. 


Physical  Properties  of  Air  at  1  Atm  Abs 


T 

CF) 

m 

k 

(  b'U  ) 

Pr 

p  X  /O* 
<//**) 

gPp’lv3 

\h  ft  ■  *FJ 

0 

0.0861 

0.240 

0.0162- 

0.0130 

0.720 

2.18 

4.39  x  10* 

32 

0.0807 

0.240 

0.0172 

0.0140 

0.715 

2.03 

3.21  x  10* 

50 

0.0778 

0.240 

0.0178 

0.0144 

0.713 

1.96 

2.70  x  10* 

100 

0.0710 

0.240 

0.0190 

0.0156 

0.705 

1.79 

1.76  x  10* 

150 

0.0651 

0.24] 

0.0203 

0.0169 

0.702 

1.64 

1.22  x  10* 

200 

0.0602 

0.241 

0.0215 

0.0180 

0.694 

1.52 

0.840  x  10* 

250 

0.0559 

0.242 

0.0227 

0.0192 

0.692 

1.41 

0.607  x  10* 

300 

0.0523 

0.243 

0.0237 

0.0204 

0.689 

1.32 

0.454  x  10* 

350 

0.0490 

0.244 

0.0250 

0.0215 

0.687 

1.23 

0.336  x  10* 

400 

0.0462 

0.245 

0.0260 

0.0225 

0.686 

1.16 

0.264  x  10* 

450 

0.0437 

0.246 

0.0271 

0.0236 

0.674 

1.10 

0.204  x  10* 

500 

0.0413 

0.247 

0.0280 

0.0246 

0.680 

1.04 

0.163  x  10* 

For  air 

y  =  0.04943  lbm/hr-f t 

k  =  0.0171  Btu/hr-ft-°F 

C  ®  0.241  Btu/lbm  °F 
P 
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1 

(164.7  +  460) 


1.6  x  10 


3 


1 

R 


Pr  *  0.697,  p  «  0.0636  lbm/ft3 


Properties  of  Water 


ffF) 

Situratlon 

preuure 

(P«J) 

P 

flbm/flJ) 

P 

(Ib/hr  ft) 

A 

(Btu/hr  ft  *F) 

eP  . 

(Btu/lbm  F) 

N? r 

X  10"* 
(i/fi>  *F) 

40 

0.122 

62.43 

3.74 

0326 

1.0041 

113 

SO 

0.178 

62.41 

3.16 

0334 

1.0013 

9.49 

60 

0.256 

62.36 

2.72 

0341 

03996 

7.98 

154 

70 

0.363 

62.30 

2.37 

0347 

09987 

641 

238 

80 

0.507 

62.22 

2.08 

0353 

09982 

549 

330 

90 

0.698 

62.12 

1.85 

0.358 

09980 

5.15 

435 

100 

0.949 

62.00 

1.65 

0.363 

09980 

435 

547 

no 

1-28 

61.86 

1.49 

0367 

09982 

446 

670 

120 

1.69 

61.71 

1.35 

0371 

09985 

3.64 

804 

130 

2.22 

6155 

134 

0375 

09989 

339 

949 

140 

2.89 

61.38 

1.13 

0378 

09994 

340 

1100 

150 

3.72 

61.20 

1.05 

0.381 

1.0000 

2.74 

1270 

160 

4.74 

61.00 

0.968 

0.384 

1.0008 

232 

1450 

170 

5.99 

60.80 

0.900 

0.386 

U0017 

233 

1640 

180 

7.51 

60.58 

0.839 

0.388 

1.0027 

2.17 

1840 

190 

9.34 

60.36 

0.785 

0.390 

1.0039 

242 

2050 

200 

11.53 

60.12 

0.738 

0.392 

1.0052 

1.89 

2270 

212 

14.696 

59.83 

0.686 

0.394 

14070 

1.76 

2550 

220 

17.19 

59.63 

0.655 

0.394 

1.0084 

1.67 

2750 

240 

24.97 

59.11 

0.588 

0.396 

1.0124 

131 

3270 

260 

35.43 

58.86 

0334 

0.397 

1.0173 

137 

3830 

280 

49.20 

57.96 

0.487 

0.397 

1.0231 

1.26 

4420 

300 

67.01 

57.32 

0.449 

0.396 

1J0297 

1.17 

5040 

320 

89.66 

56.65 

0.418 

0.395 

1.0368 

1.10 

5660 

340 

118.01 

55.94 

0.393 

0393 

1j0451 

1.04 

6300 

360 

153.0 

55.19 

0371 

0.391 

1J0547 

1.00 

6950 

380 

195.8 

54.38 

0.351 

0.388 

1.0662 

097 

7610 

400 

247.3 

53.51 

0.333 

0.384 

1J0800 

094 

8320 

420 

308.8 

52.61 

0.316 

0.379 

1.0968 

092 

9070 

440 

381.6 

51.68 

0.301 

0374 

1.1168 

090 

9900 

460 

466.9 

50.70 

0.285 

0368 

480 

566.1 

49.67 

0372 

0.362 

For  water 

Pr  =  2.43,  M  =  0.936  lb/hr  ft 
p  =  60.906  lbm/ft 3 ,  k  *  0.385  Btu/hr  ft°F 

C  *»  1.0012  Btu/lbm°F,  6  **  1.6xl0“3  i 

P  R 

Rayleigh  number  is  the  product  of  Grashof  and  Prandtl 
numbers , 

Ra  -  (Gr.Pr) 


864 


For  air,  Gr  -  £fi-*BATLa 

„2 


=  32.2 x  (0.Q636) 2  1.6 x 1Q~3 
"  ro. 04943)2 


x (3600) 2 


x 


*  (274.4-55)  »  1.1228  x  106 


For  water,  Gr 


32.2  x  (60. 906) 2  x  1.6  x  1Q~ 3  /  2\3 

(0.936)2  (3600) 

x  (274.4-55) 

2.87  x 109 


Therefore,  Ra  =  1.1228 x  106 

9 

=  2.87  x 10  x 


x  0.697  =  0.782 x 106  for  air 
2.43  =6.974  xlO9  for  water. 


Free- convection  heat  transfer  correlation  for  horizontal 
cylindrical  surfaces. 
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Knowing  the  values  of  the  Rayleigh  number  for  air  and  water, 
the  corresponding  values  of  the  Nusselt  number  can  be 
obtained  from  the  graph.  For  air, 

t,  .  RazL  °;782  *  1<)6  -v 

log  (0.782x10®)=  5.893  and  corresponding  to  this  value, 
log  (Nu)  =  1.2  \J  ‘  i  '•  *•  ‘  » 

.  ,  .  'hence  ,  Nu  .=  15.84 

’  *  *  ’  -  ’  ’  11  '  ’  ‘  i.* 

For  water  V*-*' 

Ra  =  6.974  *  109'J 

log  (6.974x10s)  =  9.843  and f corresponding  to  this 
value,  ...log « (Nu)  =  -1.98  which  gives  . 


-s  A 


Nu  =  95.5  1 


Next,  the  convective  heat  transfer  coefficient  for  water  and 
air  are  calculated . 

_ _ _ _  .  _  .  ,h  D _ 

i  i  r  •  nu  =  :  » 

^  ^  ■  1  *  •  1  K 
r  -  -  r~y  r-]  .  •  , 

For^  air;  h  —  -^15.84  * =0.0171  ~  1;625  Btu/hr-ft 2-°F 


“  2712 


For  water,  * hg « ■'=  9-5-' v) yj Sjj * 3 --5  =  220.6  Btu/hr-f t Z-°F .  , 

The  rate  of  heat  transfer  per  unit  length  of  pipe  -  when 
submerged  in  water:  *  ,  4 

"  «■  -  'f  -  s*v  ■* 

*  .  ,  q  =  h  'A AT  •  - 

■  ^  ~  — f  ~  ■  -  -  • 

t  f  'S  “  *  >  { 

-  -  220.6  x  it  x  2  x  (  274. 4-55) 


•'*  *•  t  - 


25,342  Btu/hr-ft 


When  exposed  to  air: 


by  convection,  q2  = 


1.625  x  tt  x  2  x  (274.4-55) 
12 


186.6  Btu/hr-ft 

.t  ' 


by  radiation,  q2  =  eA o  (Ti  -  T24) 


866 


V 


where, 


a  '»  Stef an-Boltzman  constant 
1  =  0.171 x  108  Btu/hr  ft2oR4 

T'x  =  274.4  +  460  =734.4°R 
T*  »  55  +  460  =  515°R 

e  =  emissivity  of  the  pipe  surface  =  0.9 
t  ■ 


q2  q  0.9*  *  x  0.171 


734.4 

100 


515 

100 


=  177.2  Btu/hr-ft 
The  total  heat  transferred  in  air 

4  ■"  *  ’’  -i 

=  Qi  +  Q2 


:M„: . t;  =  186.6  +r<!  177.2  '■'« 

=  363.8  Btu/hr-ft  h 

It  is  interesting  to  note  that  the  rate  of  heat  transfer  in 
air  is  only  1.44  percent  of  the  rate  of  heat  transfer  when 
the  pipe  is  submerged  in  water. 


♦  V 


•  PROBLEM  13-17 


A  spherical  ball,  1  in.  in  radius  and  at  a  temperature  of 
800°F,  is  suddenly  quenched  in  a  large  pool  of  liquid 
which  is  maintained  at  280°F.  Estimate  the  surface 
temperature  of  the  ball  after  one  hour.  The  average 
convective  heat  transfer  coefficient  h  -  2  Btu/hr,ift  F. 
The  properties  of  . the  ball  material  are : 


k  =  25  Btu/hr  ft°F 
Cp  =  0.11  Btu 


p  =  492  lbm/ft3  , 


i 

l 


Solution:  Biot  number  (Bi),  the  dimensionless  parameter, 

compares  the  relative  values  of  internal  conduction 
resistance  and  surface  convective  resistances  to  heat 
transfer. 


i 

where 


h 


A, 

is 


Biot  number  -  Bi 


0.1 


•4 

I 


the  coefficient  of  convective  heat  transfer 


T 
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k  is  the  coefficient  of  heat  conductivity 

.*■  ■  '  * 

x  is  the  characteristic  dimension  of  the  body. 

-  * 

For  a  sphere,  the  characteristic  dimension  is  given  by 


x  _  volume  of  sphere _ 

surface  area  of  sphere 

m  4-rrr 3  /3 
4irr2 


t 

+- 


Now,  substituting  values  Hn  the  expression  for  the  Biot 
number , 


Bi 


(2)  x 


f_i_y 

13x12/ 


(25) 


0.00222 


Since  Bi  is  less  than  0.1,  the  problem  can  be  solved  by 
using  the  lumped  parameter  analysis . 

*•  T  t  - 

.  H  .  •  •  ti 


t 

k 


Hence, 


T-T 


T  -T 
o  « 


hA  =  2 _ 

Cppv  =  0.11 x  492  x  (1/36)  per  hr 


.  Therefore, 


or 


“  1.333  per  hr 


*  ■ , 

T-280 
800-280  = 

T  = 


i  '  * 

e-(l. 333)1.0 
.  ^  * 

417°F 


*  *  •  PROBLEM  13-18 


A  1/12  in.  dia  metal  wire  is  placed  in  still  air  at  66®F. 
Compute  the  rate  of  heat  generation  required  to  maintain  the 
surface  temperature  of  the  wire  at  1734°F.  The  heat  loss  due 
to  radiation  may  be  neglected.  Use  the  given  chart. 
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Solution:  The  mean  film  temperature  at  the  air-wire 
interface  is 

Tf  =  --7342+  66  =  900°F 
Properties  of  air  at  900°F  are: 


k  =  0.032  Btu/hr-f t-°F 

a  =  gftP2  =  0.0251  x  10G  (1/ft  3-°F) 
y2k 

.  =  P,y  x  V  =  x(AT)  x  (Ds) 


Gr  x  Pr 


0.0251 x  106  x  (1734-66)  x 


=  14.02 


12  x  12 


log  (Gr  x  Pr)  =  log  (14.02)  =  1.146 


^  4  -i  4  0  \  i  i  4  i  i  7  i  3  ■ 

Natural  convection  for  horizontal  cylinders.  Os  are  experimental 
points  for  gases,  Xs  are  experimental  points  for  liquids. 
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Prom  the  graph,  log  Nu  ®  log(0.15)* 


Nil  =  ^  =  1V412 


or 


Hence, 


1.412k  .  1.412  x  0.032  _  e  C1 

h  **  - 5T -  =  - 1 - 5 - 1 -  O.Ol 


( 12x12  ) 


t.n"' 


q  =  h  x  A  x  AT 


~  6.51  x  x  12xi2^  x  ^ 

s  237  Btu/hrftr 

\ 


1734-66 


•  PROBLEM  13-19 

Consider  the  heat  transfer  involved  in  turbulent  fluid 
flow  in  a  pipe.  It  is  known  that  the  dependent  variables 
are : 


k  -  thermal  conductivity  G  -  mass  fluid  velocity 
d  -  pipe  diameter  !  -j  — |  p  *-- viscosity 

i  f'!  i  <  f 

*  •  < _ i„  > 

Cp  -  specific  heat  t  t  [  <  * 


Use  dimensional  analysis  to. discover  the  physical  re¬ 
lationship  involved,  and  from  this,  define  the  heat 
transfer  coefficient.  ,  **  " 


— j:,i  ,  '  ,  r 

Solution:,  The  basic  dimensional  system  to  be  used  is  the 
ML 8  (mass,  length,  time)  system.  First,  each  dependent  var¬ 
iable  must  be  non-dimensionalized."~  So,  if  T -  temperature 
and  H *  heat  /  then  -  .  -  - 

<  i  *  .  * 


'  T  » -  (*j 


i  t 


d  -  (L) 
I  ! 


,u  (w) 


‘  (mt) 


i  ! 
I  *i 


For  purposes  of  simplification,  the  constant  K 


(ML2) 
H  “  IhS^I 


8?0 


is  included,  since  M  and  H  appear  in  it.  Now  the  heat 
transfer  coefficient  may  be  expressed  as 


h  =  f(k,G,d,v,c  K„)  -  .  .  •..«* 

■>  'y  -  |  '  -1  r  V  \ 

Taking  an  infinite  series  of1  this 

«  •  e*f  ,*i 

P  *  ?  j  *  ’f  ^ 

h  =  (C1kaiGbldeiyf ^  ilKrai)+(C2ka2Gb2de2yf2c  i2Km2)+. 


*i  i  P 


(1) 


(2) 


The  law  of  dimensional  homogeneity  states  that  each  grouping 
must  have  the  same  overall  dimensions.  Therefore,  the  first 
group  is  taken  as  a  complete  representation.  Since 

h  -  [ 6 t ) ’  substituting  all  the  dimensional  formulae  into 
eq.(2)  gives  ■  ^  [*,*■  ■  i  ’  f  > 


H 

out 


m 


(3) 


Taking  each  dimension  separately  and  collecting  exponents, 


EH: 

1  = 

a  +  i  -  m 

>  .  A  v 

£  t—  •  * 

**  r 

£0  : 

-1  - 

-a  -  b  -  f  -  2m 

ZL: 

-2  « 

-a-2b  +  e-  f  +  2m 

Va  4^- 

ZT: 

(I 

1 

-a  -  i 

,  T 

--4L*  \  * 

ZM: 

0  « 

b  +  f  -  i  +  m 

,T  *' 

1  ^ 

J  '  ’  .  I.J  :  >  * 

i  .  ^  . 

f.  i 


,0s  * 

t 


Solving  these  five  simultaneous  equations,  yields : 

m  =  0,  b-e+1,  a=l-i,  and  a  +  e  +  f  =  0  ; 

Now,  if  the  variables  as  shown  in  eq.(2)  are  given'1  these  ex¬ 
ponents  and  rearranged,  the  result  is  I- 

n  t*  ...  /  •  -i  ■  ..  *  ;■  "  37 

i  y  t 


l 


*  » 


or 


••r 


hd  _  r 

TT  ‘  Cl 


hd  f 
k 


c  u 
_E1 
k 

c  u 


If)  '  ■  :: 
i¥M 


c  ul 


is  the  Prandtl 


j  is  called  the  Nusselt  number  :(Nu) , 

number  (Pr),  and  —  is  the  Reynolds  number  (Re). 

t  L  P  J  ■■  .1  .ATT  *  1 

Thus,  in  terms  of  the  non-dimensional  parameters 
Nu  =  f|pr,  ReJ  .  n  '1' 
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•  PROBLEM  13-20 


A  plate  loses  heat  to  a  stream  of  air  by  convection. 

The  plate  is  2  ft.  in  length,  and  it  is  initially  at  a 
surface  temperature  of  500° F.  The  ambient  air  tempera¬ 
ture  is  100® F,  and  the  air  flow  rate  is  observed  to  be 
150  ft /sec.  Assuming  a  unit  (1  ft.)  width,  calculate 

(a)  the  heat  transferred  from  the  laminar  boundary 
layer  region;  and 

(b)  the  heat  transferred  from  the  turbulent  boundary 
layer  region. 

Then  assume  that  the  boundary  layer  is  completely  turbulent. 
Find 

(c)  the  heat  transfer  involved;  and 

(d)  the  error  this  assumption  results  in. 


Solution :  The  mean  film  temperature  is 
100+  500 

T  -  0  =  300 °F 

At  this  temperature,  the  properties  of  air  are 

v  =  1.1026  ft2 /hr  k  =  0.01995  Btu/hr-ft-°F 


and 


Pr  *  0.701 


(a)  The  Reynolds  number  over  the  entire  length  of  the  plate 

18  Re  -  m  =  (150)(3600)(2) 

neL  v  1 . 1026 

=  9.8  x 10s 


If  the  Reynolds  number  is  used  for  computing  the  Nusselt  num¬ 
ber  the  resulting  coefficient  of  heat  transfer  will  be  an 
average  value,  or  one  that  is  for  the  entire  length.  Simi¬ 
larly,  the  heat  transfer  calculated  using  the  average  coef¬ 
ficient  will  be  the  heat  transfer  over  the  entire  length,  or 
the  total  heat  transfer.  This  is  equal  to  the  sum  of  the 
heat  transfer  from  both  the  laminar  and  turbulent  boundary 
layer  regions,  or 

qT  “  ^Lam  +  ^turb 


Now,  the  length  of  the  laminar  boundary  layer  Lcr  can  be 
found,  knowing  the  critical  Reynolds  number. 


Re 


cr 


(2) 


8?2 


k 

t 


If  the  Nusselt  number  is  found  over  the  laminar  boundary 
layer  region,  then  the  coefficient  of  heat  transfer  of  that 
region  may  be  found,  as  ,  ..  ■. 


Nu 


Lam 


_  ^Lam^cr 


(3) 


Then  the  heat  transfer  of  that  region  is  easily  determined. 
Proceeding  to  that  end,  first  consider  the  plate  as  a  whole. 
For  mixed  flow  (where  there  are  both  laminar  and  turbulent 
regions)  the  Nusselt  number  is  if- 


NuL  = 


037  Re^-®  -  872  Pr1^ 


with  the  constraint 


Tf  -A.-’  * 


5  *  10  s  <  ReL  <  10  7 


As  this  is  satisfied. 


^  .  Ht  } 


Nul  =  [o. 037(9. 8x10 5 )  -  87?J  (0.701) 

=  1265.97 

I  •  % 

Then  the  average  heat  transfer  coefficient  is 


L 

Nu.  k 


.Ji. 


av 


(1265. 97) (0.01995) 
2 


=  12.63  Btu/hr-ft 2-r°F 

►  '  |k'; 

This  is  used  for  the  calculation  of  the  total  heat  transfer¬ 
red,  or  -  *'  ' 

-  <*T '=  havA<Ts  "  T«>  I*',/  + 

=  12.63(2)(1)(500-  100) 

^  =  10,104  Btu/hr  ^ 

(a)  The  length  of  the  laminar  boundary  layer  is  found  from 
eq.(2).  -■*- 


RecrV  _  ( 5x10 5 ) (1.1026) 

TJiio  )(M6o) 


cr  U  t. 

=  1.021  ft. 


Now,  for  laminar  flow,  the  Nusselt  number  is  found  as 

f  x  •  1/3  «  <"«k. 

NuL  =  0.664  ReL5  Prv 

where  the  subscript  L  refers  to  the  length  of  the  laminar 
boundary  layer.  The  condition  r  &  ^ 


0.6<Pr<50  :  ^ 


873 


is  satisfied. ,  Then 

**  •  •  t-  *; 


%  J;|  '  ->•  >  i. 

-•  i  1 


1  > 


Nut  =  0 . 664 ( 5x10s )*(0.701)V3  * 

L 

/  i 

=  417.09  •  *!  * 


7  -i 


Then  .the  .heat  .transfer  ^coef  ficient  in  the  laminar  region  is 
found  using  feq.  (  3).1;  “ ^ JSi  ’  '  ^ '  +  r*-t  t 

* ^  ■  c_r  NuLamk  ( 417 .‘09 ) (0." 019961 

nLam  L.  I702l 


:->J  :  fc  r? 

.  ■  "*  -u  ... 


cr 


'*T\  v  k-  - 
.2  0 


X  ,JL  J 


.51.,  “ 


=  8.15  Btu/hr~f tz-°F. 

Finally,  the  heat  transfer  out  of  the  laminar  region  is 
9i 


n*  ^  **  >  {  ■ 

=  h  A  (T  “5-  T  * 
lLam  “Lain  Lanr  s  « * 


=  (8.15)(1)(0. 817 ) ( 500  -  100 )’ 

*  V  1  TL  \  f6 63  )  3  Btu/hr."’*  j  *. ' 

(b)  Referring ^to ^eq. (1),  the  heat  transferred,*  from  the  tur¬ 
bulent  boundary  ‘layer "region  is ‘easily 'found  a!s 


a/:  n'  ~:q  . - 

^turb  ~  ■  T%—-  La 


Lam  *  *  **  ‘" 


V  "r"' 


:  ’J*  .  ‘,,..1  1 

=  10,104  -  2,663.3 

V?  ^ i  X >•  6  '**■  *  ■Is*'  -  i  *r  ■ 1  iT  ‘i  f  •  •  -  l‘K’ 

J  '  =  7440.7  Btu/hr  x 

(c)  If  the  boundary  layer  is  turbulent /from  the  leading  edge 
on  the  Nusellt  number  is  given  by  -  '  '  *■ 


Nut 


0.037  ReLo,0^Pr^ 


Substituting,  *-t v  *  *  \  i  V  f .  f1  * 

NuL  =  0. 037(9. 8xl05)°‘8(0.701)V3 

i  f  v.0^-  V.*  *  **;..'** 

*  2040.6 

■*?><>>  ..  ^  t.; 

The  heat  transfer  coefficient's  then  'tit* 

v.  _  NULk  _  (2040.6)(0.01995)  -  /  “ 
nL  L  2 

t  .  I  .  Ji  t  ..  1*  +  „  a*  a'  '  *■»;.. fl  *1*  * * 

=  20.36  Btu/hr-f t2-°F 

‘  *1  * r  !  ^  “ 

M- 

Therefore,  the  total  heat  transferred 

-:  \  x#:.  •  w-  »  ,  .  r  T  f  'lb 

qT  =  (20 . 36  )  (  2x1 )  (  500  -  100  )  ’ 

CS  •> 


a,;' f 


=  16,288  Btu/hr 


(d)  The  difference  between  the  two  values  of  the  total  heat 
transfer  may  be  expressed  as  a  percent  error: 


%  error  = 

i 


16,288  -  10,104 

—  ro'/fcR  — 


-  61% 


x  100% 


The  overall  turbulence  assumed  results  in  erroneous  results 
and  hence  is  to  be  avoided.  1 

’•  .  *  .  •  f  •  '  .  : 


•  PROBLEM  13-21 


$ 

A  plate  at  60  °C,  is  cooled  by  forced  convection  from  an 
airstream.  The  steady  flow  velocity  of  the  air  stream 
is  observed  to  be  2m/sec  with  the  temperature  and  pres¬ 
sure  as  27 °C  and  1  atm.,  respectively.  Find  the  heat 
transfer  per  unit  width  from  the  leading  edge  to  a  dis¬ 
tance  of  (a)  20  on  and  (b)  40  cm  .  Also  find  (c)  the 

tr  «• 

drag  force  over  the  40  cm  distance. 


Solution :  When  referring  to  a  length  of  plate,  the  heat 
transfer  must  be  calculated  using  a  coefficient  of  heat 
transfer  that  applies  over  the  length,  or  the  average  coef¬ 
ficient.  Therefore,  the  average  Nusselt  number  correlation 
is  used. 


(a)  First,  the  Reynolds  number  must  be  calculated.  The 
mean  film  temperature  is  ,  • 


Tm  “  "  43-5°c 


At  this  temperature,  the  air^tables  give 

v  =  17.36  xlO-6  m2/sec  k  *  0.02749  W/m-  °C 
Pr  *  0.7  and  C  *  1.006  KJ/kg°C.  *  :* 

(a)  Then  at  a  length  of  20  cm, 

Re  .  2L  =  W(0.2) 

v  17.36x10*"® 

J..*  ‘V  t- 

*  23,041 

This  is  a  laminar  flow.  As  the  condition^ 
0.6<Pr<50  i 


8  ?5 


jis  satisfied;  the  average  Nusselt  :number • may  be  calculated 


NUL 


0.664  Re. 

-  'V'  ■*  ’  L  j 

0 . 664(23 , 041 ) (0.7)^3 

l-*  * 


T  — 


*  89.49 

.  •  ^  ^  .  fr  .  .  . 

^  |  X’i  .  -ilr  -  4  4-  ■  •  fcw  ^  s  '  V  *  -  '  ++  •  '  "  > 

.  IV*.  *  V.H r  *  i  -  .  i  :  S.  *i 

From  this,  the  average  heat  transfer  coefficient  is  found  to 
be 


.w  _  NuLk  _  (89. 49) (0.02749) 

1  f  .  L  5~1F 


«  12.3  W/m2 C  _  ,  , 

*  i.fc  U*.,.  ■  ’>  i  >  ••  t-» 

l..  T"  -XM  '  ’  *.  A.  t  *  . 

.  ^  A..-  j  .  c*^-  -f  4  .  v 

Then  the ; heat  transferred  from  this  region  is  - 

,  t  -  m  1  ■  -  w'  * f  j  >u  r  f 

:  i  .  ' 


3  '  *  ■  V<TS  "  T»>  * 


=  12 . 3( 0.2)(l)(60-27) 


«  81.19  W 


(  J  ^  ..ff  >  *  .  5*-  %  ‘  ■  f  «*»-i  x  i 

*  ./  *  'V  .  -  .  .:-3  f.  }  •  ►  t  .-A:  *‘r  *  i  *  t  •  »• 

•i-  ■  .  *  -  ,  »*  f  «...  *  «*  v  "  ii  . 

(b)  jrhe  same. process 'is  repeated,  but  the  platelength  is 
now  taken  to  be  40  cm.  Thus 


ifti 


(2)(0.4) 

17.36xl0"6 


4  ^ 

*  *  J. 


=  46,083  $  * 


*■  1  *  7  *?.•'!»  i**.f  c  -  *  ■ 

The  flow  is  still  laminar,  so  the  same  Nusselt  number  expres¬ 
sion  is  used.  v  .  x .  i  •  -r  «  % 

*  •  c  ■»  •  • ' 

Nul  =  0.664  ReL^2  :Pr^  «  %  U-  ^  J  '  * 

=  0. 664(46, 083)y2(0. 7)  *  -;r  ■  .  ‘  , 

-  126.56  .  « 

n.  r  .  * 

This  gives  an  average  heat  transfer  coefficient  of 

IV  t  .  - 

h  =  NULk  0  (126. 56)(0. 02749) 

dL  L  -  ^^0.4  i  .  t  ■.  . 

=  8.7  W/ro2-°C  C;  - 


876 


Finally,  the  heat  transferred  is 
q  =  hLA(T8-TJ  y 

=  8.7(0.4)(1 ) (60-27 ) 
=  114.8  W  *;■ 


&  !, 


(c)  The  drag  force  FD  is  . 


FD  ToA 


- 


£  j:  „;,i  ■!• 


where  To  is  the  wall  shear  stress.  This  may  be  evaluated 
knowing  the  relation  ~~ . 

•  §  v°l  ..  . .. 


where  CD  is  the  coefficient  of  drag.  This  is  given  by 


,  _  1.328 

'd  ^ 


1 


For  a  length  of  40  cm,  the  coefficient  of  drag  is 

1.328 


CD  = 


(46,083) 


0.00619 


H*  * 


At  the  mean  temperature,  the  air1 tables  give 
p  «  1.115  kg/m*  p 


Then 


T0  «  |(0.00619)(1.115)<2)2 
=  0.0138  N/m2  ' 


.1 


if  * 


The  drag  force  is,  then, 

Fd  «  ( 0 . 0138 )(0.4)(1) 
«  0.0055  N 
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•  PROBLEM  13-22 


Water  enters  a  reactor  through  aj length  of  pipe  in 
which  the  necessary  preheating  is  accomplished.  The 
reactor  has  a  maximum  power  rating  of  150  J  per  meter 
of  pipe,  and  its  operating  temperature  is  350 °K.  The 
flow  is  measured  at  5  kg/hr,  and  it  enters  the  pipe  at 
a  mean  bulk  temperature  of  290 °K.  If  the  internal  dia¬ 
meter  of  the  pipe  is  0.005  m,  calculate  (a)  the  length 
of  pipe  over  which  the  necessary  heat  transfer  may  be 
accomplished,  and  (b)  the  maximum  exit  temperature  of 
the  water. 


Solution:  (a)  The  heat  balance  over  the  length  of  pipe  L 

is  given  by 

♦  - 1.  .  i-i£  ?'■  i  *  »  ;  i  '  r 

q-rrdL  =  rhC  ATfe  .  :  ,  (1! 


Solving  for  L, 


'X  ~  J 


Ihc  at. 


S  t'  /  '*•.  v  ;  Si  .r  .  i.  •  ‘  1 

Now,  the  mean  bulk  temperature  of  the  water  is 

■  T  =  290  g-35-^  =  320  °K  *  . 

m  £ 

Properties  of  water  at  this  temperature  are 


p  -  9895kg/m: 


v  =  0.59  x 10  6  m2/sec 


C  =  4.174  kj /kg°K  '  ^-.k  =  0.641  W/m2-°K 


The  heat  flow  per  meter  of  pipe  is  150  watts.  It  is  desired 
to  express  this  per  unit  area  of  pipe,  so  l 

150  W/m  _  150 

q  ltd  tr( 0. 005)  * 

=  9549.3  W/m2 

Substituting  into  eq.'(2)  .gives  the  required  length  as 

f_5_1 

T  _  |3600| (4. 174) (1000) (350-290) 
u  (9549. 3)ir(0. 005) 

=  2.32  m 


t  •  *  y  ( 

(b)  The  Reynolds  number  is11  ’ 


Re  =  — 


Ud 

v 


8?8 


Since 


or 


ih  =  pU  J  d2 
Ud  = 


4 

4ih  " 


pird 


the  Reynolds  number  may  be  calculated  as 


Re  =  -i$- 

♦  T-  pitdv 


>4L. 


(989) 

606 


4  ® 

_  1  Mog 

ir(0 . 005)  (C 


50(0.59x10-6 ) 


This  is  a  laminar  flow.  Now,  if  the  flow  is  assumed  to  be 
fully  developed,  the  Nusselt  number  will  approach  the  value 
4.364  by  an  asymptotic  curve.  Then 


*  w  ».  kNu  4.364k  ,  ft  j  J  *  «« 

h  ■  ~a - a —  . 


(3) 


Since  the  heat  flow  per  unit  area  in  a  pipe  is  defined  as 

*  •r’  '  -•  i 


»  •  T.i 


q/A  *  hAT. 

*  ■  .  J  u 


the  change  in  bulk  temperature  along  a  length  is 


4Tb  -  iHr1 


f  * 


(4) 


Substituting  eq.(3)  into  eq. (4) -yields 

&Tb  =  MU  :  *• 


XL 


With  the  given  parameters,  this  becomes 

AT  *  (9549. 3)(0. 005) 
aib  4.364(0.641) 

=  17.07°K 


Then  the  exit  temperature  is 

=  350  +  1' 

=  367.07°K  l  * 


T.  -  350  +  17.07  i 
b2 
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A  tube  is  heated  by  means  of  forced  convection  from  an 
airstream.  The  tube  has  a  length  of  1000  ft.,  and  the 
wall  surface  temperature  is  60  °F.  The  flow  is  measured 
at  a  speed  of  30  ft/sec,  and  it  moves  through  an  area 
measuring  3  in.  across.  If  the  air  is  at  a  mean  bulk 
temperature  of  70°F  and  a  pressure  of  29.4  psia,  calcu¬ 
late 

(a)  the  pressure  drop  over  the  tube  length, 

»  \ 

(b)  the  rate  of  heat  flow  from  the  air,  and 

«.■'  -  '  ,  V,  i  ■' 

(c)  the  coefficient  of  heat  transfer  by  which  this 

occurs .  .  ....  _ 

Neglect  the  effects  of  any  disturbance  at  the  pipe  en¬ 
trance.'^  ^  , .  ■» .  „  j  „  t 


4-  ~  *■  „  ■ 

Solution:  Since  the  temperature  difference  is  small  (AT  - 

70-60  «  10 °F) ,  the  properties  of  air  may  be  evaluated  at  the 
mean  bulk  temperature.  The  air  tables  list  the  properties 


f. s  a  "  t-i* 

p  =  0.0441  lbm/ft-hr 

Pr  =  0.71 


C  -  0.^4  Btu/lbm-°F 
P 

k  =  Q1. 0149  Btu/hr-f t-°F 


Density  may  be  found  from  the  equation  of  state  as 


(29.4 ) ( 144 ) 

(53. 3) (70+460) 

-  0.15  lbra/ft 3  '  -•  J 

Then  the  Reynolds  number  is  given  by 

Substituting  the  values,  * 


0.0441 


=  91,837 


i,  \r  .'  a 


This  is  a  turbulent  flow. 


i  .  i’r--..  i . 


(a)  For  this  case,  the  pressure fdrop  is  defined  as 


—  ,  +■* 
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where^the  friction  factor  for  a  turbulent  flow  is 

"  I  .! 

0.08  •'  -  ..l 


f  = 


and 


-  Re  #1 

O  08  ^  ‘  ^ 

<  - -  }  -■  0.0046 

(91 , 837  )  v_* 


Ap  =  4(0.0046) 
=  1.071  psi 


1000) fO. 15)  (30/12)2 

3/12J [32. 2}  x  2 

-  1  . ;  ^ 


>*' 


(b)  For  calculating  the  rate  of  heat  transfer,  the  follow 
ing  relation  may  be  used:  ‘  « 


where 

and 


q  = 


QfC  AUAT 

p  _ 

2Pr 


5  ^  t 


c  =  v x c  -  (0 . 15 ) (0 . 24 )  =  0.036  Btu/ft3-°F 
P  ^  1/2 

Pr  ' 


Q  ,  .  750 (Pr)  7 . 5 ( Pr ) 

Re  Re1^ 


Substituting, 

■  ■  :  l 

>  *  -v*  -•«  Q  “ 


-  (o.?!)1^  -  • 

;  .  750(0. 71)1/2  ,  7.5(0. 71)^  ' 
91»83^  .  (91,837)  V 


and 


0.818 
A  =  irdL 


_  _f  3  1 

“  "[izj 


J  n.  t  •  *r 

(1000)  =  785.4  ft2t. 

V 


Substituting  the  values, 

cr  " 

( 0 . 818 ) ( 0 . 0046 )(0.036)(785.4)(30)( 70-60 ) 
*  =  -  - 2(0.7i) 


=  22.48  Btu/sec 

A* 

=  80928  Btu/hr.. 
(c)  Since  q  *  hAAT, 


-k  =■ 
V  h W  ** A, 


h  —  1 1  — ■ 

D  A  AT 


80928 


“  (785.4) (70-60)  f 
:=  10.3  Btu/hr-ft 2-°F 


*9 

'ia*i 
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Note:  j the  heat  flux  can  also  be;found  from  the  correlation 
of  Dittus-Boelter : 


Nu.  =  0.023  Re.  °“0  Pr0*4  “ 

d ...  .  .  .  d  T  „ , 

c.  t  -■  ■*■■■  --■■■  ■■  «  ' 

where  as  the  process  involves 'heating. 

m  •  .  h  ■  :*1.  .**.  , 

This  is , applicable  as T the  difference  of  the  pipe  sur¬ 
face  temperature  and  the  bulk  fluid  temperature  is  small. 

»  •.?  ’  * 

With  this  method,  values  of 

4  '  '*  *  -V  -.V-  1  i  *  *  A  *  *  •**&•#  4 

q  =  87,4b3  Btu/iii*  ^  \  v-  .  . 


h  =  11.14  Btu/hr-^f  1 2-°F 


are  obtained. 


f  :  rv  ■  4  j  ‘  «  a 


_  •  PROBLEM  13-24 


A  pipe  is  cooled  by  forced  convection  from  a  stream  of 
water  flowing  at  the  rate  of  20  gal/min.-  The  pipe  is  10 
ft.  long  and  has  an  inner  diameter  of  1  in.  The  wall 
surface  temperature  of  the  pipe  is  maintained  at  210 »F. 
If  the  water  has  an  entrance  temperature  of  50 °F,  cal¬ 
culate  the  exit  temperature.  Use  analogies  of 

(a)  Reynolds,  V  *  i 

(b)  Colburn,  1  -i 

(c)  Prandtl,  and 

(d)  von  Karmen. 

_  •  *  *  : 

Assume  the  flow  is  fully  developed. 


<  >  , 

Solution:  Consider  a  pipe  length  dx.V'The  heat  balance  be¬ 
tween  the  pipe  and  the  water  is  „  .  s 

t  i  -Hm-  ,  II  V'  *  k- 


PU  J  dVTlx+Ax-Tlx>  =  hndte(T-T) 


»  I.  T 

where  T  is  the  mean  bulk. temperature, 
rearranging  yields 

*  \  .1  .  C  *  ‘ 


Letting  Ax+0  and 
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For  a  given  Reynolds  number,  the  associated  friction 
factor  may  be  found  from  the  accompanying  Moody  diagram  (see 
Figure  1).  Then  the  Stanton  number  may  be  found  from  an 
appropriate  analogy.  The  exit  temperature  is  solved  for 
from  eq. ( 1) . 

1  ,  *  -w-  *■>  *  *  *■  '  ^ 

Assume  a  mean  temperature  of  70°F.  At  this  temperature, 
the  water  tables‘give  values  of 14  L  r  ? 

v  =  1.06  *  1CT5  ft2/sec. .  A  a. 

Pr  =  6.82 

■  +  si  •  •  **  *'  O  "  ■"  '*  ’  *  >  '  - 

The  velocity  is  found  as 

..  _  (20gal/min)(lmin/60sec) (1ft 3 /7.48gal) 


■1 


=  64,230 


“T  IB11’’ 


=  8.17  ft/sec 


Then  the  Reynolds  number  is 

>  .  Re  =  ^  =  (8,_17)(1/12) 

v  1.06xl0-s 


Using  the  smooth  pipe  line  on  the  Moody  diagram,  the  fric¬ 
tion  factor  is  read  as  0.005. 

,  "S  "  •  r- 

t  *  *  «  < 


(a)  Reynolds  relates  the  Stanton  number  to  the  turbulent 
friction  coefficient  as  ’  »  ■ 


Then 


St  = 


St  •  = 


~sr 

0.005 


(2) 


1 1 


=  0.0025 


Substituting  in  eq.(l)  gives 
’.i  fTr  -  2101 


002SUmm  =  0 


or 


[so  -  fcioj 


1/12 


1 


T.  -  210 

.  JL- _  =  e- 1*2 

-160 


Solving  for  TL  gives  « 


Tl  =  161. 8°F. 
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(b)  Colburn  expresses  the  Stanton .number  as 

C 

t  /tw\*“2/3  ‘  i 

*r 

which  gives 


St  =  -^  (Pr)*:2/3 


St  ■»'  °-§-°-5  (6.82)~^9  ' 


-  j 


0.000695 


a 


Substituting  in  eq.(l)  and  solving  i’gives 


Tl  =  210  -  160e 


-  95 . 4°F. 

•  c”  ■ 


( 0 . 000695 )  (  4  )  ( 10  )1 

“L  1/12  J 


(c)  The  analogy  of  Prandtl  is 

Cf/2 


St  = 


l+5/C_f /2  ‘(Pr-l ) 

=  _ 0.005/2 _ 

l+5/67005/2'(  6  ♦  82-1 ) 

=  0.00102 

Then  eq.(l)  yields 


I 


Tl  =  210  -  160e^ 


(0,00102) (4) (10) 
”1/12 


.  {  f  111.9°F 

(d)  Finally,  the  von  Karman  relation  is  given  :by 

Cf/2  ‘  ■  * 


St  = 


l+5'/Cf/2{(Pr-l)+ln{l+|(Pr-.l)]  ) 


rT 

(3) 


0.005/2 _ ' 

1+5  A) . 005/2{ (6 . 82-1 )+ln [ 1+5 (6 . 82-1 ) ] ) 

6  •  r- 


=  0.000863 

and  so 

R0. 000863)  (4) (10 )1 

i  1  •  " 

Tl  =  210  -  160e 

[7  1/12  _J 

=  104. 3°F.  i 

1  -f  * 
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These  values  of  TL 
Reynolds 
Colburn 
Prandtl 
von  Karman 


are  summarized  below. 

-  TL  =  161. 8°F 

-  T.  =  95. 4 °F 

L 

-  Tt  =  111 .  9°F 

u 

-  TL  *  104. 3°F 


Only  the  Reynolds  analogy  proved  to  show  a  great  discrepancy 
from  the  others.  Based  on  the  other  three,  the  average  out¬ 
let  temperature  is 

Tl  =  95.4+111,9+121,3  „  103. 87°F 
Then  the  mean  bulk  fluid  temperature  is 

T  =  50+103.87  2  77of> 
m  2 


•  PROBLEM  13-25 


A  steel  cylinder  contains  liquid  at  a  mean  bulk  temper¬ 
ature  of  80 °F.  Steam  condensing  at  212 °F  on  the  outside 
surface  is  used  for  heating  the  liquid.  The  coefficient 
of  heat  transfer  on  the  steam  side  is  1,000  Btu/hr-f t 2- °F. 
The  liquid  is  agitated  by  the  stirring  action  of  a  tur¬ 
bine  impeller.  Its  diameter  is  2  ft.,  and  it  moves  at  an 
angular  velocity  of  100  rpm.  The  cylinder  is  6  ft.  long, 
with  a  diameter  of  6  ft.  and  a  wall  thickness  of  1/8  in. 
The  thermal  conductivity  of  steel  may  be  taken  as  9.4 
Btu/hr-f t 2- °F.  Properties  of  the  liquid,  taken  as  con¬ 
stant,  are: 

cp  =  0.6  Btu/lbm- °F  k  =  0.1  Btu/hr-f t-°F 

p  =  60  lbm/f t 3 

The  viscosity  at  130 °F  is  653.4  lbm/f t-hr,  and  at  212 °F 
is  113.74  lbm/f t-hr.  Calculate  the  time  required  to 
raise  the  mean  bulk  temperature  of  the  liquid  to  180 °F. 


Solution :  If  an  energy  balance  is  taken  over  the  cylinder, 

the  result  is 


q  =  UAATt  «  me  AT, 
L  p  b 
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where 


4Tl  = 


Tb,-Tb, 

fVTbl 


•f  1 


In 


Ts  Tb2J 


where  Tg  is  the  steam  temperature.  Rearranging  and  substi¬ 
tuting,  . 


i  =  _£  In 

•  UA  in 
m 


T  -T. 
s  b  i 


Ts”Tb2J 


3 


(1) 


Now,  the  overall  heat  transfer  coefficient  (based  on  the  in¬ 
side  surface  area)  is  defined  as  -'h! 


ui 


i  Aix  Ai 

+  _ ± _  +  ± 

h,  A  k  A  h 
l  m  os 


where  m  denotes  a  mean  value,  and  x  is  the  wall  thickness. 
However,  since  the  walls  are  relatively  thin,  the  approxima¬ 
tion 

A  =  Art  *  A  ^ 
i  o  m 


may  be  used,  giving 

t  11 


U 


—  +  *  +  JL 

hi  k  hs 


(2) 


The  unknown  quantity  here  is  the  inside  heat  transfer  coef¬ 
ficient  hi.  This  may  be  found  from  the  appropriate  Nusselt 

number  conf iguartion ,  which  is 


h,dT 

Nu  =  — •—  =  0.73  Re0,65  Pr 


1/3  /p 


© 


o.?t 


(3) 


where  w  refers  to  the  inside  wall  surface  temperature  value 
and  d^,  is  the  total  hydraulic  diameter. 

■si  1  * 

Now,  if  the  Reynolds  and  Prandtl  numbers  are  known,  h^ 

may  be  found  from  eq.(3).  With  this,  UA  may  be  found  from 

eq.(2).  Finally,  if  eq.(l)  is  used,  the  required  length  of 
time  will  be 

*  •  f  *  i  f  hr*  )  '  *  ^  * 

At  (hr)  «  —  ^-Jbm  j  x 

so  rewriting  eq.(l)  yields 

(wt)o„  ,  f  Ts-Tb 


At  = 


Tja 


In 


T~T 
s  b  2 


(4) 
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Calculations  will  be  done  at  the  mean  temperature  of 

v 

T  =  8Q-4-8°  =  130  °F 
m  A 

i 

The  Reynolds  number  is  * ■ 

j  Re  =  V-  +  *  * 

u 

,  h  ••  j  • 

but  given  the  angular  velocity,  U  =  wd  is  used.  Then 


653.4 


=  2204.  .  v; 


The  Prandtl  number  is 


,-JL  ,  L 


yc_  - 
Pr  “  k 

_ .  (  653. 4  K  0.6 
=  3920.4 


From  eq.(3), 


=  0.73(2204)°-“(3920.4)l/s 


=  43.5  Btu/hr-f t2-°F 


Then,  from  eq.(2). 


_1_,  (1/81/12  ...  1 
43.5  9.4  +  1,000 

v  ■  V-,  . 

-  39.85  Btu/br-ft2-°F 


Now,  since^  p  ■«  wt/vol,  , 
wt  =  (p)(vol) 

•  -1’  '  5  =  (60)tt-^^(6) 


i.t  r 


-  *  v  r  1  -  =  10,179  lbm  Ul  ^  ^ 

The  wall  surface  temperature  is  taken  to  be  approximately 
equal  to  that  of  the  condensing  stream. 

'  '  *  k\ 

Substituting  the  values  in  eq.(4), 

At  =  ( 10 , 179) (0.6)  .  f 212  -  80  1 

At  (  39  85  ) tt ( 6  )  ( 6 )  ln  I  212"=“l80  ! 


=  1.92  hr 
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•  PROBLEM  13-26 


A  compressible  gas  flows  over  a  flat  plate.  Properties 
of  the  gas  are  closely  similar  to  those  of  air.  The 
flow  is  at  a  temperature  and  pressure  of  700  °F  and  30 
psia,  respectively.  The  plate  is  1  in.  in  length  and  is 
assumed  to  be  perfectly  insulated.  If  the  gas  is  moving 
at  a  speed  of  500  ft/sec,  calculate  the  surface  tempera¬ 
ture  of  the  plate.  (Note:  the  speed  is  too  great  to 
neglect  the  effects  of  viscous  dissipation. ) 


Solution :  Heat  transfer  takes  place  by  forced  convection, 
and  the  high-speed  flow  results  in  viscous  drag  which  cannot 
be  neglected.  This  is  similar  to  the  aerodynamic  heating 
effects  on  high-speed  aircrafts,  rockets  and  missiles  where 
mechanical  energy  is  transformed  to  thermal  energy.  For  the 
given  problem,  properties  must  be  evaluated  at  a  reference 
temperature  which  is  given  by 

T*  =  0.5(TS  +  Tw)  +  0.22(Tr-Ta>)  (1) 

where  Tr  is  the  recovery  temperature  of  the  surface  that 

would  be  attained  if  it  is  allowed  to  come  to  equilibrium 
with  the  flow. 


A  related  variable  is  the  recovery  factor.  This  is  de¬ 
fined  as 

T  -  T 

r  “  u?72I^  (2) 

For  laminar  flow,  it  is  given  as 

r  =  Pr*^2  (3) 

while  for  turbulent  flow,  it  is 

r  «  Pr*^3  (4) 

Now,  for  this  problem,  the  plate  is  perfectly  insulated. 

This  simplifies  the  problem,  as  it  can  be  assumed  that  T  =T 
Substituting  this  into  eq.(l)  yields  s  r 

T*  -  0.72  Tr  +  0.28  Tw  (5) 

An  iterative  procedure  is  used  to  calculate  the  recovery 
temperature  as  follows: 

to  begin  with,  a  value  of  T  *  800°F  is  assumed. 

r 

Substituting  in  eq.(5)  yields 

T*  *  0.72(800)  +  0.28(700) 

-  772°F. 
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At > this  temperature,  the  properties  of  air  are: 


y* 

*  ■  ■ 

c  * 

p  . 


Since 


=  0.0795  lbm/ft-hr  Pr*  =  0.68 
.  . ,  ♦  ;  f  t 

=  0:256  Btu/lbm-°F '  . 

",  .■  f  i  c  ‘  %  .  •"  1  .  •  *  „  * 

*  *  **  P  (30) (144) 

*  ,»  p  « *  RT*  ~  (53.3) (772+460 ) 

i  A  ■  •  !*T  ^  •'  •  4 

.  ’  «*  0.0657;  lbra/ft3  ^  ? 

f  ...•  *:.Q*  V.  '3  ^  - 


The  Reynolds  number  ’  is 


+ 


Re  =  PUL (0,0657 ) ( 500 ) ( 3b00 ) ( 1/12 ) 
P  ~  ”  .  .  0.0795 

i>+  +  <  .  *,4 


*■  ■"* 

'  =  123,962 

J  -  .  . 


which  is  “a  laminar  flow, 

L  «  ♦  -  .*** 

r  =  (0.68)^ 


• .  .  ..  -> 

and  hence  eq. (3)  is  used. 

^  *  *'  ~  • 


=  0.825 


4-  .  .  '  ‘  .  i  * 


Substituting  this  into  eq.(2)  and  rearranging  gives  a  new 
value  of  the  recovery  temperature vas 


-  U 

s 


j 


?  v 


Ur 


T  sa  T  + 
r  2g  c 


<T 


> 

=  700  + 


c  p 


( 500  )  2 (0 . 825 ) 


2(32.2) (778) (0.256) 
=  716 °F.  r”'V  ' 


A 


The  value  of  778  ft-lb/Btu  is  used  as  a  conversion  factor. 

'  v; » »  t 

There  is  a  difference  between  the  assumed  and  the  calcu¬ 
lated  T  ,  Hence,  716 °F  is  assumed  for  the  second  iteration 
r 

for  the  recovery  temperature.'  Substituting  in  eq.(5)  gives 


*  *  Jll.sp  .f  •  -  I!  0^1  <•  UV  ■ 

T  •  •  O-  :  I)  *  ■'*:  '*i 

The  air  tables  give  corresponding  values  of 


,  <v. 


y*  =  0.0773  lbm/ft-hr^  i  *  Pr*  =  0.7016 

c  *  «  0.254  Btu/lbm-°F 

P?*  .  ;.:l  •  •- ;  «,?  ■  J 

Then 

p*  =  0.069’  Ibra/ft 3  y  .  ,y .  *  f  ,.=  j  f 

and 

Re  “  134,254  -  *  ,  <  ^  *  i  t  ;  >  '• 

As  the  flow  is  still  laminar, ^eq. (3) ^isrused,  giving 
r  =  0.838 
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Then  eq.(2)  gives 


_  T„_  =^716. 5  °F 

r 


J 


k 


•H-J1  /  4 

-  i-  : 

■  i  ’  -  ♦ 

As  there  is  not  much. difference  between  the  assumed  and  the 
calculated  recovery  temperature,  this  is  acceptable.  As 
the  surface  ’temperature  is  equal  to  the  recovery  temperature, 


Ts  =  716. 25 °F, 


u 


This  is  the  average  valued 


*  m 


I 


RADIATION 


•  PROBLEM  13-27 


The  temperature  of  a  tungsten  filament  of  a  light  bulb  is 
6000 °R.  .Calculate  the  energy  emitted  by  the  'bulb  in  the 
visible ^wavelength  spectrum  from  0.;4  um  to  0.7  gm,  consider¬ 
ing  it  as  a  grey  body.  ;)■ 


J 


Solution:  The  given  data  is  as  follows 

...  i  i 

Xx  =  0 . 4  ;ym  , 

t  .  \  i  * 

♦ ,  X  2  =  0.7  g  m 


!  T 


T  =  6000°R 

.  •  -V-  l 


Therefore 


t,.1 


\ 


X . T  -  =  0.4  x  6000  =  2400  gm°R 

A  i 

X2T  =  0.7  x  6000  =  4200  Um°R 


*. 

V 

■If 

n 


$ 


From  tabulated  values  of  XT  and  E, _  ._^/ot4  it  can  be 


determined  that: 

< 

For  t. 


Jb( 0  xt; 


*  * 

j 


■  •  i  : 


X j T  =  2400  gm°R 

I  ' 

* 


. Eb ( 0  -  2400) 
oT4 


=  0.0053 
i  | 

X2T  - - 4 20 0  gm°R  ■  -  Eb(0  4200)  =  0.1269 

oT4 


891 


i '  ,  • } 


TABLE:  Energy  Radiation 


AT,  . 

X  105 

oV  ' 

aT 

| •  XT.  |,m-‘R  . 

E*  x  105 
<tV  ' 
(Mm-’R)" 

n 

<aT* 

1,000.0 

,  ..  0.000039  ± 

0.0000 

10,400.0  > 

5.142725  - 

0.7183 

1,200.0  ' 

0.001191 

0.0000 

10.600.0 

4.921745 

0.7284 

1,400.0 

0.012008 

0.0000 

10.800.0 

4.710716 

0.7380 

1,600.0 

0.062118 

0.0000 

11,000.0 

4.509291* 

0.7472 

1.800.0 

0.208018 

0.0003 

11 .200.0 

4.317109 

0.7561 

2,000.0 

0.517405 

0.0010 

11,400.0 

4.133804 

0.7645 

2,200.0 

1.041926 

0.0025 

11,600.0 

3.959010 

0.7726 

2,400.0 

1.797651 

0.0053 

11.800.0 

3.792363 

0.7803 

2,600.0 

2.761875 

0.0098 

12,000.0 

3.633505 

0.7878 

2,800.0 

3.882650 

0.0164 

12,200.0 

3.482084 

0.7949 

3,000.0 

5.093279 

0.0254 

12,400.0 

3.337758 

0.8017 

3,200.0 

6.325614 

0.0368 

12,600.0 

3.200195 

0.8082 

3,400.0 

7.519353 

0.0507 

12.800.0 

3.069073 

0.8145 

3,600.0 

8.626936 

0.0668 

13,000.0 

2.944084 

0.8205 

3,800.0 

9.614973 

0.0851 

13,200.0 

2.824930 

0.8263 

4,000.0"  * 

10.463377 

0.1052 

13,400.0 

2.71 1325 

0.8318 

430.0 

i:  11.163315 

j  0.1269 

13,600.0 

2.602997 

0.8371 

4,400.0  , 

11.714711 

r  0.1498 

13,800.0 

2.499685 

0.8422 

4,600.0 

12.123821 

0.1736  • 

1 1 14,000.0 

2.401139 

0.8471  ' 

4,800.0, 

12.401105 

0.1982 

>  14,200.0  T 

2.307123 

0.8518 

5,000.0 

12.559492 

0.2232 

14,400.0 

2.217411  ' 

0.8564 

5,200.0 

12.613057  „ 

0.2483 

14,600.0 

-2.131788 

0.8607 

5,400.0 

12.576066 

0.2735 

14,800.0 

2.050049 

0.8649 

5,600.0 

12.462308 

0.2986 

15,000.0 

1.972000 

0.8689 

5,800.0 

12.284687 

0.3234 

16,000.0 

1.630989 

vO.8869 

6,000.0 

12.054971 

0.3477 

17,000.0 

1.358304 

0.9018 

6,200.0 

11.783688 

0.3715 

18,000.0 

1.138794 

0.9142 

6,400.0 

11.480102 

0.3948 

19,000.0 

0.960883 

0.9247 

6,600.0 

11.152254 

0.4174 

20,000.0  ' 

0.815714 

0.9335 

6,800.0 

10.807041 

0.4394 

21,000.0 

0.696480 

0.9411 

7,000.0 

10.450309 

0.4607 

22,000.0 

0.597925 

0.9475 

7,200.0 

10.086964 

0.4812 

23,000.0 

0.515964 

0.9531 

7,400.0 

9.721078 

0.5010 

24,000.0 

0.447405 

0.9579 

7,600.0 

9.355994 

0.5201 

25,000.0 

0.389739 

0.9621 

7,800.0 

8.994419  r 

0.5384 

26,000.0  , 

0.340978 

0.9657 

8,000.0 

8.638524 

0.5561 

27,000.0 

0.299540 

0.9689 

8,200.0 

8.290014  , 

0.5730 

28,000.0  * 

0.264157 

0.9717 

8,400.0 

7.950202 

0.5892 

29,000.0 

0.233807 

0.9742 

8,600.0 

7.620072 

0.6048 

30,000.0 

0.207663 

0.9764 

8300.0 

7.300336 

0.6197 

40,000.0 

0.074178  . 

0.9891 

9.000.0 

6.991475 

0.6340 

50,000.0 

0.032617 

0.9941 

9,200.0 

6.693786 

0.6477 

60,000.0 

0.016479 

0.9965 

9,400.0 

6.407408 

0.6608 

70.000.0 

0.009192 

0.9977 

9,600.0 

6.132361 

0.6733  - 

80.000.0 

0.005521 

0.9984 

9.800.0 

1 5.868560 

■  0.6853 

90,000.0 

0.003512 

0.9989 

10,000.0 

10.200.0 

5.615844 

5.373989 

0.6968 

0.7078 

100.000.0 

0.002339 

0.9991 
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i! 

Therefore  the  energy  emitted  in  the  visible  wavelength  range 
is: 

'  i' 

0.1269  -  0.0053 
=  0.1216 

or  12.16%  of  the  energy  is  released  as  visible  light. 


i 

<i 

% 

I 

•  PROBLEM  13-28 


Compute  the  heat  absorbed  by  a  body  which  is  exposed  to  an 
electric  heater  releasing  energy  at  the. rate  of  1850  W/m. 
The  absorbing  body  accepts  95%  of  the  radiation  falling 
above  2.7pm  and  30%  of  radiation  below  2.7pm.  The  dia¬ 
meter  of  the  heating  element  is  25  mm  while  the  two  bodies 
are  1 0  cm  apart. 


Solution:  The  irradiation  upon  the  surface  is  given  by  the 

equation 

q%U'][2  sin  y  ]  [  tt  /  2 1  ? 

^  * 

The  intensity  I  =[Q/irDL](1 /n  1 

=  [1850/ti(0. 025)1  ][1/tt]  j 

and  2  sin y  =2.5/10  * 

.  ..  -r-  '■.!>  •  i 

Therefore  q“  =  [  1  850/0 . 025tt  ]  [  1  /tt  ][  2 . 5/1  0  Htt /2  ] 

=2944  W/m2 
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Thus  the, absorbed  f lux  aq  is  .  ■ 
aq~=[ (0.  95) (0.30) +  (0.905  )( 0.95) H 2944] 
=2615  W/m2 


•  PROBLEM  13-29 


The  annular  space  between  two  concentric  aluminium  spheres  is 
evacuated  to  provide  insulation  to  the  system.  The  radii  of 
the  inner  and  outer  spheres  are  0.75  ft  and  1.0  ft  respect¬ 
ively.  The  inner  sphere  contains  liquefied  oxygen  and  the 
outer  sphere  is  maintained  at  45°P.  The  boiling  temperature 
of  oxygen  is  -297°F  and  the  emissivity  of  aluminium  is  e=0.03. 
Determine  the  rate  of  heat  flow  to  the  oxygen  by  radiation. 


Solution:  The  rate  of  heat  loss  from  the  outer  sphere  to 

the  inner  sphere  due  to  radiation  is  given  by: 


A.otT*  l  Tz)'* 


Where  Ax  =  Area  of  the  outer  sphere 

i  *  “ 

A2  =  Area  of  the  inner  sphere 

•  ‘  ■  -  e 

Ei  =  e2  =  Emissivity  of  aluminium 

,  f  •  *  + 

Tx  =  Temperature  of  the  outer  sphere 
T2  =  Temperature  of  the  inner  sphere 
Rx  =  Radius  of  the  outer;  sphere  t  ■*.  ■ 

R2  =  Radius  of  the  inner  sphere  -  :  • 


=  4ttR2  =  4  1 

(272) 

(1.0) 2 

=  12.57 

ft2 

A  2  =  4ttR2  =  4 1 

(¥) 

(0.75) 

M 

It 

-j 

■  o 

ft2 

- 

i  •  •; 


e,  =  e2  =  0.03 


The  temperature  of  the  oxygen  will  remain  unchanged  due  to 
the  phase  change  which  occurs  r  V" . 

T2  =  460  -  297  =  1  63°R 

T*  =  460  +  45  =  505°R 
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1  386.02 
90.81 


=  15.26  Btu/hr 

The  rate  of  heat  loss  from  the  outer  sphere  to  the  oxygen 
by  radiation  is  15.26  Btu/hr. 


•  PROBLEM  13-30 

Estimate  the  velocity  of  flue  gases  flowing  through  a  6  in. 
diameter  and  36  in.  long  duct  such  that  its  (flue  gas)  tem¬ 
perature  drops  by  200°F  from  1200°F.  The  outside  of  the 
duct  is  perfectly  insulated,  the  average  temperature  and 
emissivity  of  the  inside  surface  are  900°F  and  0 . 8,  respectively . 
The  contents  of  the  flue  gas  and  the  specific  heat  of  the 
gas  are  given  below.  Assume  heat  exchange  occurs  by  radia¬ 
tion  alone. 

C02 - ►  10% 

(Vapor)  H20  - *  20% 

Cp  - ►  0.007  Btu/ f t 3 - °F . 


Solution:  The  radiant  heat  transfer  depends  upon  the  rate 

of  flow  for  a  given  set  of  temperatures  for  the  tube. 


The  net  radiation  heat  flux  from  gas  to  duct  wall  is  given  by 


Aeav°'E(c  +  w)1TJ  -  E(c  +  w)2T2  1 


where  eav  is  the  average  emissivity  =  —  =0.9 

a  -  Stefan  Boltzmann  constant  =  0.1714  x10~8 


T  -  Absolute  temperature  in  Rankine 

E(c  +  w)  ~  effect:i-ve  emissivity  of  the  flue  gas  at  a  tempera- 
'  '  ture 


Pw  jj,  =  0.2  x  0.4  =  0.08  ft-atm. 
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Fig.  1  Emissivity  of  carbon  dioxide  for  total  pressure 
1  atmosphere. 


From  figure  1,the  emissivity  of  carbon  dioxide  at  a  mean 
temperature  of  gas  1200  +  1000 —  _  1100op  and  of  duct  900oF 

can  be  read  as 

E  (1100)  =  0.057  and 
c 

Ec(900>  =  0.055 
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Fig.  2  Emissivity  of  water  vapour  for  total  pressure 
^  .1  atmosphere.  * 

1  ■  ^  1 


Similarly,  for  water  vapor,  from  figure  2.  ' 

..;•  .  .  •  -t  ..  ,|. 

E  (1100)  =  0.061  and  $  ^  '  ? 

W  *  _  **:•  ,  *•  ’ 

* 

E  (900)  =  0.069  ■  #  i  .  ~  1  a 

■!*,  -  ^  - 

I  ‘ 

Applying  the  correction  factor  from  figure  3 .,  i .e multi¬ 
plying  the  values  by  correction  .factor  1.15,  the  corrected 
values  are  '*',!!  (  ■ 

t  1  f  < 

E  (1100), *  0.07  and  |  . 

W  4,  , 

•  a  -  5  * 

E  (900)  =  0.079  ’  ' 

w 


Subscripts  1  and  2  correspond  to  inlet  and  outlet  of  the 
duct,  respectively. *'  The  value  of  E(C  +  can  be  found  from 

the  charts  figures  1 ,  2  and  3  corresponding  to  the  product  of 
pressure  and  characteristic  length  of  the  duct.  * 


Partial  pressure,  Pw,  (atmospheres) 

Fig.  3  Ratio  of  emlssivlty  of  water  vapour  for  p  = 

to  that  for  p  =  o 

w 


Equivalent  Thickness  1  for  Non-Luminous  Gas 
Radiation  Layers  of  Different  Shapes 


Factor  by  which  Z  is  to  be 
multiplied  to  pies  equivalent  l 
J or  hemispherical  radiation 

Shop* 

Characteristic 

dimension 

Z 

Calculated 
by  various 
workers 

3*4  x 

(volumejarta) 

Sphere . 

Diameter 

0-60 

0*57 

Cube  ..... 

Side 

000 

0-57 

Infinite  cylinder  radiating  to 
walla  ..... 

Diameter 

0-90 

0*85 

Ditto,  radiating  to  oentre  of  baee 

Diameter 

OIK) 

0-85 

Cylinder,  height  “  diameter, 
radiating  to  whole  surface 

Diameter 

060 

0-57 

Ditto,  radiating  to  centre  of  base 

Diameter 

0-77 

0-67 

Space  between  infinite  parallel 
planes  .  . 

Distance 

apart 

1-80 

1*70 

Space  outside  infinite  bonk  of 
tubea  with  centres  on  equi¬ 
lateral  triangles,  tube  die* 
meter  «=>  clearance 

Clearance 

2-80 

2*89 

Ditto,  but  tube  diameter  — 
one-half  clearance 

Clearance 

3-60 

3-78 

Ditto,  with  tube  centres  on 
squares,  and  tube  diameter  — 
clearance  .... 

Clearance 

3*60 

3-49 

Rectangular  parallelepiped, 

1x2x6  radiating  to : 

2x6  face 

Shortest 

edge 

106 

1-01 

1x6  face 

II 

106 

1*05 

1x2  face 

19 

1*06 

101 

all  facet  .... 

1*06 

1*02 

Infinite  cylinder  of  semicircular 
cross-section  radiating  to 
centre  of  flat  side 

Diameter 

0*63 

0*52 

The  characteristic  length  of  the  duct  is  given  by  (see  table) 

j 

p 

3.4  x  volume  _  3,4x  irr 2 1  <■  ,  ■  \. 

,  surface  area  ”  2nrJt.+  2nr2  ■?  .  .  ;  • 

•;  #  . 

1  -7r  4  1.7x6x36  % 

'  U  ♦  r)  *  ■  (36  ♦  6)  ■  4'8  ln-  .  '4 

or  0.4  ft 


Now,  the  product  of  the  partial  pressure  of  the  gas  and  the 
characteristic  length  can  be  evaluated. 

p  *  0.1x0. 4’=  0.04  -ft  atm. 

s%  \ 

.  .  T  V  ^ 

The  total  emissivity  of  the  gas  at  1 100°F  and  900°F  can  be  ob¬ 
tained  by  combining  the  individual  constituent  of  gas 
emissivities,  >  < 

E(c+w)(110®)  =  °*°55  +  0.07  =  0.127 
Eir- *,\<900>  *  0.057  +  0.079  =  0.1  34 


Introducing  the  values  in  the  equation  for  net  radiant  heat 
transfer  yields  ■**'  r 

q  =  0.9  x  0.173  x  10"  8  x  tt  ^2  x  x  |~0.127  x  (1560)4 

-  0.134(1360)^] 

=  2155  Btu/hr .  I 

;f  i  .  • 

Let  v  be  the  velocity  of  flow  of  the  flue  gas.  Then  heat  trans 

fered  from  the  gas  for  a  temperature  drop  of  200°F  is 

*  ’  ‘ 

CpQ  x  A  T  ♦  ■  - 

=  0.007  x  ir  r2  v  x  200  / 

X  7  »>  .  l  *  /  1  •* 


which  should  be 
2140  * 


equal  to  the  net  radiant  heat  transfer 
0.007  x  irr2v  x  200  x  '  1 


4 


or 


4  t 


2140 

v  =  - 

200  xQ.007  x  ( 0 . 4  )  2 

v  =  3040.9  ft/hr2 


k  n; 
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•  PROBLEM  13-31 


Determine  the  geometric, fshape *  factor,  for  radiant  heat  trans¬ 
fer  between  a  very  small  disc  of  area  dAj  and  a  large  paral¬ 
lel  disc  of  area  A  .  The  large  disc  is  placed  directly  above 
the  smaller  disc.  2The  radius  of  the  larger  disc  is  R  and  the 
perpendicular  distance  between  the  two  discs  is  L.  See 
figure  ( 1 ) .  '  i  -  t 


Figure  ( 1 ) 

l .  , 

L  ■  1  ’  ■ 

Solution:  The  geometric  shape  factor  is  given  by: 

'  "  1  f^f-cosBj  •  cos62 

Fu  =  dAf  Sp - -dA^dA2 


But^0!  =  02  since  they  are  alternate  angles.  Consider  a 
differential  area  of  radius  x  and  thickness  6x.  Refer  to 
figure  ( 1 ) . 

Then, 


dA  2  =  2 nx  •  dx 


Therefore  equation  (1)  simplifies  to 
c  f  cos  2e  •  2ttx  -  *  -  '  * 


From  the  geometry  it  is  clearly  seen  that  .  * 


c  *  ;H* 


y  =  x  +  L  ,  using  the  Pythagorean  theorem 


=  \fP T 


Also 


cos  9  =  adjacent 
Hypotenuse 


€ 


M 


cos  9  =  — 

y 


but 


=  \/x2  + 


Therefore  cos  9  = 


\Jx2  + 


Substituting • the  values  of  cos0  and  y  into  equation(2) 
reduces  it  to  .  >• 

R  , 


2ttx 


x  +  L  TT  *  (x2  +  L2) 


—  dx 


The  limits  of  integration. are  so  taken  since  x  varies  from 
0  to  R.  ;  v  . 

R 


1  2 


2xL 


(x2  +  L2 ) 2 

‘  \ 

V 


dx 


\  \ 
'  r 


In  order  to  integrate  use  the  substitution  technique. 


\ 


i  v 


\  ' 


That  is. 

Let  x2  +  L2  =  Z 

Differentiating 

2xdx  =  dZ 


\  - 
\ 


l  ; 


\  i 


Therefore 

F 


1  2 


f12  ■  L' 


H  dz 

n  2 


1  R 


Substituting  back  the  expression  for  Z, 

R  -jvh  -  1 


F  =  -  L‘ 
1  2 


1 


tx2  +  L  2J 
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Evaluating  the  limits,  -  ;  ? 

1  d 


Fxa  =  -  L‘ 


R2  +  L ' 


- 1_  ?  t  •*  u  > 

L2 


Fia  =  1  - 


R2  +  L2 
„  2 


R2  +  L" 


* 


f 


•  PROBLEM  13-32 


Determine  the  geometric  shape  factor  between  a  small  area 
dAx  in  a  vertical  plane  and  a  rectangular  surface  (a  x  b)  in 
a  horizontal  plane. 1  The  area  dAi'is  directly  below  one  cor¬ 
ner  of  the  rectangle  and  the  distance  between  them  is  H. 


*  J 

Solution:  From  the  figure 

cos 0i  =  ~ 


* 

i 


r 

f 
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•  PROBLEM  13*33 

A  spherical  body,  in  space,  is  at  a  distance  of  1  astronomical 
unit  from  the  sun.  Assume  the  body  to  be  at  a  uniform  tem¬ 
perature  and  having  negligible  internal  heat  generation. 
Determine  the  quality  of  the  surface  required  such  that  the 
temperature  of  the  body  remains  at  300°K. 


Solution:  The  steady  state  internal  heat  transfer  from  a 
spherical  body  of  radius  R  with  uniform  temperature  and  uni¬ 
form  surface  finish  is  expressed  as 

F  r 

Q  =  £(Tw)aT;  (4nr2>-a(Tw,Ts)tIsdws)(Trr2) 

where  subscripts  w  and  s  refer  to  the  spherical  body  and  the  sun 
respectively.  e  and  a  are  the  emissivity  and  absorptivity  # 
respectively.  ^ 


The  irradiance  on  a  surface  normal  to  the  solar  radiation  at 
a  distance  of  1  astronomical  unit  and  outside  the  earth's 
atmosphere  is  known  as  the  solar  constant  and  is  given  by 

Isdws  =  130  W^m2 

The  value  of  Q  is  zero  as  there  is  no  internal  heat  genera¬ 
tion  or  dissipation  to  the  outside  of  the  sphere.  There¬ 
fore  the  equation  simplifies  to 
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i 


E(Tw>  a(Tw)»<4"r2)  ■=  C(TW  Ts>(Isdws)(irr2) 


or 


40T* 

w 

I  d 
s  ws 


*  e. 


4  X  (5.667  xlQ  )  x  GOO)4 
(1380) 

*  1.33 


Again,  the  ratio  of  absorptivity  and  emissivity  is  also  ex¬ 
pressed  as  ; 

,  a  =  giai  •»  (1  ~  Fi  >a2  s  i  33 

E  Fiei  +  (1  -  Fl)€z  r  * 

...  ■  ...  /  ,  ii ,  ^  vi  •  :  : 

•  *  .  ;  •'  ■  i  .  •:*  '• 

c* 

The  view  factor  F2  can  be  expressed  as 


F »  = 


JLOi, 


ot2 


•  f.i  > 

*  t>-  ■* 


a ! ~  l.33e1-  a2+  1. 33c 


..?t 


-n  .  a 

/ 


Table  l  Total  Emittances  and  Solar  Absorplances  of  Surfaces 


Total 

Normal  Eminence 

Extraterrestrial 
Solar  Absorptance 

Alumina,  flame  sprayed 

Aluminum  foil,  as  received 

0.80  (-  I0*F) 

0.04  <70“F) 

0.28 

Aluminum  foil,  bright  dipped 

0.025  (70"F) 

0.10 

Aluminum,  vacuum  deposited  on 

0.025  (70“F) 

0.10 

duPont  mylar 

Aluminum  alloy,  6061,  as  received 

0.03  (70*F) 

0.37 

Aluminum  alloy.  75S-T6  weathered 

0. 16  (150®F) 

0.54 

20,000  hr  on  a  DC6  aircraft 

Aluminum,  hard  anodized,  6061-T6, 

35  amp/ft*  at  45  volts  in  20°F  sulfuric 

0.84  (—  I0*F) 

0.92 

acid  solution,  1  mil  thick 

Aluminum,  soft  anodized  Reflectal 

0.79  (—  10*F) 

0.23 

aluminum  alloy,  5  amp/ft*  for  2  hr  in  , 

. 

40*F,  10%  H,SO,  solution 

Aluminum,  7075-T6,  sandblasted  with 

0.30  (70*F) 

0.55 

60  mesh  silicon  carbide  grit 

Aluminized  silicone  resin  paint 

Dow  Coming  XP-3 10 

0.20  (200*F) 

0.22  (800-F) 

0.27 

Beryllium 

0.18  (300*F) 

0.21  (700*F) 

0.77 

‘  *.  .  1  1 

0.30(1 100*F) 

..•*  <  i\  '  ,  * 

Beryllium,  anodized  •  r 

0.90  (300*  F)  * 

: 

■-  1  \  . 

0.88  (700*F)  -  v  . 

0.82(1  IO0*F) 

.  ^  *  7  ; 

i  *  1 

-  -  *  *  '''>*■  ■  * 

1.  f  *  ■  * 

.905 


The  basic  material  fo^the  sphere  may  (refer  to  table)  be 
assumed  as  aluminium  for  which  e=0.1  and  a  =  0.03,  and  the  sur 
face  may  be  painted  with  white  potassium  zirconium  silicate 
for  which  ot=0.13  and  e=0.86. 

Introducing  these  values  in  the  equation  for  Fi  yields 

*  t  ■  ■ 

p  _  1.33(0.86)  -  0.13 _ 

1  ~  0.10  -  0.04  -0.13  +1  .33(0.86) 

=  0.943 


l  S 


-  -  “  •  PROBLEM  13-34 

.  f  *  .  _ 


A  solar  energy  collector,  aperture  area  15m? is  installed  on 
top  of  a  house  at  an  angle  of  25°  from  the  horizontal  and 
located  at  latitude  35°N.  The  angle  of  acceptance  is  24°. 
The  normal  radating  beam  on  a  day  at  a  particular  hour  was 
900  W/m2.  Calculate  the  solar  inflow  to  the  panel. 


t  tK. 


■XT 

/'i[\ 


Fig.  2  Solar  incident  angle  measured  counter¬ 
clockwise  from  North  to  South  (azimuth  angle) 


To  check  for  the  effectiveness,  a  decision  factor  (F)  is  in¬ 
troduced  such  that  '  it, ,  .  j  !;j. 

O  -f'  .ft  •>*<'  .*  «.* 

yC!  1  if  equation  ( 1 )  is  valid 

0  otherwise  1  ^  -  1 


F  = 


*. 
i  v 

"Ji  '' 


u- 


For  the  angle  of  zenith  angle  $  , 

cos1!1  s{cos6  co’s<t>  coso)  +  sin6  sin<|> 

Z  '  :r 

gives  cos#  *  0.851  *  and  =  31  ;6° 

3  z  z 


Now,  solar  azimuthal  angle  is 

sin  =  cos6  sin ui  _  cos (17.9)  xsin(-30) 
sin$  ~  sin(31.6) 

;  .  *  .  n  ■  f  n  ^ 

siny  =  -0.908  y  =  -65.2° 


t  *i'  „ 


For  the  solar  panel,  a  -$*,25  -.12,=  13' 
and  a  +  $  =  25  +  12  =  37' 


" 


T  ■t' 

F 


tan  1  (tan$z  cosy)  =  tan'  1  ( tan  31.6  cos  (-65.2)] 

.  ,  <  h  . 

=  14.5° 

Since  14.5°  is  between  13°  and  37® t the  decision  factor  is  1 


,907 


Angle  of  incidence  for  the  beam  radiation  on  the  aperture  is 

cose  =  cos ( L  a )  cos6  cosw  +  sin(L  -  a)  sin6 

v 

=  cos<35-25)  cos  17.9  cos  30  +  sin<35-25)  sin17.9 
=  0.865  \ 

The  effective  energy  rate  of  the  beam  radiant  incident  on  the 
solar  panel  is  \  j 

v } 

Ge  ”  GbnX-F-X  ,cos8  ^  ^  _ _ _ 

I 

=•  900  x  1  x  0.865  =  778.5  W/m 
.*.  for  aperture  area  of  1 5m?  effective  beam  radiation 
=  778.5  x  15  *  11677.5  W 

t 

=  11.68  kW.  *  * 

i;  *  ••••  -'£v  • 


•  PROBLEM  13-35 


If  a  thin  high  thermal  conductivity  grey  plate  is  intro¬ 
duced  parallely  between  two  infinite  parallel  grey  plates  of 
equal  area,  obtain  an  equation  which  provides  the  reduction 
in  radiant  heat  transfer' between  the  plates. 


x  t  « 

t  v  -I  p'  r  <1  • 

Solution:  The  total  energy  absorbed-by  the  second  plate  can 

be  obtained  by  summing  up  energies  absorbed  from  any  beam  on 
repeated  reflection.  (Refer  to  figure  (1))  > 

.  c  S  ’ 

Q.-2  =  A°T'  +  eie2(1  '  e!)(1  '  V  +  •"] 

,  1  v  '  ■  -  t  -  . 

where  e  is  the  emissivity. 

f  t-  ,->vsv 

Similarly  the  total  energy  absorbed  by  first  plate  is: 

Qi*l  =  A°T2  *  eie2(1  e2>  * 


!!e2  ( 1  -  ex )  ( 1  *—  e2  )  +  . .  . j 


The  net  total  energy l transfer  is 


(Tx  -  T2)  [e  xe  2  +*"!  xe2  ( 1  -  e^d  -  e2)  + 


which  can  be  simplified  to 


r  .  ?„  -  Ao?.e2<TJ  -.j:.'  >il0.  [u*-**.**1  -  e*>] 
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Schematic  diagram  showing  what  happens  to  radiation 
emitted  from  surface. "1“..  * 

'  *  1  t  ' 

Fig.  1.  S 


It  is  known  that 

v  n  1 

Z  x  = 

n=0 

Therefore: 


1  -  x 


.|Q  [(1  -  edd  -  e2 )  ]  ;• 


1 


"J 

t 


11  -  (1  -  ex)(1  -  e2) 

I  l _ 1 _ 

1  -  (1  -  e2  -  ex  + 


1 


1-1  +■  e2  +  ex 


*  e2-  ') 

f  I, 

Substituting  in  equation  (1)  yields: 

Q i 2  =  Aoe1e2{T1  -  T2)  71“  i  \ 

e>e4i7  +  £7  *  V 
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To  obtain  the  solution,  T2„  must  be  written  in  terms  of  T x 
and  T  .  '*'*  '  ~  >  >  ,  ■* 

3 


At  steady  state: 


Substituting  the  value  of  T2 : 


AO  Tx  - 


1R1 


+ 


The  ratio  of  radiant  energy  transfer  with  a  middle  plate 
to  that  without  one  is: 


•  PROBLEM  13-36 


Compute  the  rate  of  radiant  heat  transfer  to  a  spherical 
meat  ball,  8  in.  dia.,  at  a  temperature  of  70°?,  placed  in 
a  cubical  oven,  of  side  2  ft.,  at  400°F.  The  emissivity 
of  the  walls  of  the  oven  is  0.8.  The  meat  ball  is  wrapped 
in  an  aluminium  foil  having  an  emissivity  of  0.1. 


Fig.  Electrical  analogy  for  a  two-gray  surface 
system  enclosed  by  reradiating  walls. 


Solution:  Using  the  electrical  analogy,  the  problem  can  be 

represented  in  the  form  of  an  electrical  circuit  as  shown 
above.  The  notations  used  are  as  explained  below. 

E.  is  the  radiosity  of  the  heat  source  (oven)  and  the  meat 
b  ball 


A  is  the  surface  area  involved  in  the  radiation  heat 
transfer 
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F. . .  is  the  shape  factor  ? 

*“3  .  ' 

e  is  the  emissivity  of  the  surfaces  i  s 

t  *  '  i  '  ' 

The  subscripts  1,  2  and  R  correspond  to  the  heater  surface, 
meat  ball  and  the  other  5  walls  of  the  oven,  respectively. 

^  \  ^ 

The  net  radiant  heat  transfer  rate  can  be  computed  by  solving 
the  electrical  circuit  using  the  equation 


Ai  o(Ti  -  ' 

v( 

V . 

) 

* 

q  =  - 

1  -.e*  . 

1 

Ci 

- 

1  _e2  Ai_ 

F1  -2<+?  1  * 

V  Ai 

e2  A2 

v  f  + 

L  i-R 

A2F2-r  J 

T*  = 

400  +  460  =  860°R 

ii 

C4 

fr* 

70  +■  460 

L.  =  530°R,  0  = 

0. 

171  x  10  8 

c  \  = 

* 

The 

The 

oven 

0.8,  £2  =  t  ;  “.t  .  ►  * 

\'-V  -  y-  t  r  -  > 

-  '  «  1  1,1  k~  •  *  * 4  *  *  ‘  -•>  * 

shape  factor  'can  be  explained  as  follows: 

•  T  ♦  *  >  •  *•'*  r  *-■  V  .... 

radiations  of --the  meat  ball  “fall  on  all  the  walls  of  the 
,  therefore. 

*2-1  = 

1 

6 

and 

applying  the 

reciprocal  theorem 

4  “  ^ A 2 F 2 _ 1 =  A1F1_2 

f 

or 

.  -  F  i  -  2  - 

a2 

Ai 

■  F2-  i 

i  _  • 

/ 

/ 

*  H 

8  2 
12 

\  =  0.058 

2 

x  2  x 

Again,  the  view  factor  F  _= 

'  !![•  1  “R 

1  . 

0  -  F 

1 

-  2 

= 

1 

-  0.058  =  0.942 

and  ] 

?j-r“  1  H.O)  .  f  =  0.833 

«...  1  w*  ><*:’  ■>  i,  ^  J 

r  1  ”  ■ 

*  '  ■  * 
.1  : n 

- 

1 

1 

0.058 

1 

Now, 

1  1  “  2  T 

f'  1  ■ 

1  A. 

- 

+  r  1  4  1 

_ 

F  „  A2F  _ 

i-R  2  2 -R 

0.942  *  8  2  X  0 . 833 

l  72 

Hi 

.  1 

.!.  - 

3.569 
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1  -  Cl  _  1  -  0.8 

^  1  AO 


=  0.25 


A*  =2x2=  4sq. ft 


1  ~ e2  1  -  0.1 

£  2  ~  0.1  , 


A2  “  IT  8_  2 
12 


=  2.865 


Tt**  -  T$  =  860“  -  53 0 4  =  4.68103  x  1014  I 

Substituting  the  values  in  the  equation, 

*  (4)  x  (0.171  x  10~6  )  (4.68103  x  101  1  )  i> 

q  =  (0.25)  +  (3.569)  +  t(9  x  2.865)'  ■•=• 

q  =  ,108  Btu/hr .  -  V 


*  •  PROBLEM  13-37 

The  temperature  of  two  1  m2  square  boards,  placed  parallel 
and  0.5m  apart,  are  T1=1000°K  and  T2=400°K,  with  their  res¬ 
pective  emissivities  £1=0.8  and£2  =0.5.  Formulate  the  node 
relations,  by  neitwork  analysis;  when:  "  ^ 

(a)  the  boards  are  enclosed  in  a  housing  at  300 °Kr  and 

(b)  a  re-radiating  wall,  perfectly  insulated  at  its  outer 
surface,  connects  the  two  surfaces. 


Eb  =0J2 

2  ^ 


Eu=0T$=J 


3=J  3  ►  ( 


Fig.  1  Radiation  network  of  the  three  body  system.  ^ 

^  »  ,1«m 
.  *  *  .  f  i' 


..Solution:  This  is  a  three-body  problem,  i.e.,  the  two 

'boards,  surfaces  1  and  2,  and  the  receptacle,  surface  3.  The 
equivalent  electrical  network  of  the  system  is  shown  in  fig.  . 
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Ratio  X/D 


Referring  to  fig.  2,  the  ratios  needed  to  determine  the  shape 
factors  are: 

Y/D  =  1. 0/0.5  =  2.0,  X/D  =  1. 0/0.5  =  2.0 


and  the  shape  factors  are: 

F  j  _  2  =  0.46  =  F2  _  4 
F1_l=  0  =  F  2  _  2 

Fi3=  1  -  Fx_2=  1  -  0.46  =  0.54 
F  =  1  -  F  =  1  -  0.46  =  0.54 

2-3  2-1 

(a)  The  energies  radiated  per  unit  time  and  per  unit  area  by 
the  surfaces  are: 

Ebi  =  °T*= { 5 . 669  x  1  0— 8  )  (1  000°K)1*  =  56690  W/m2 

Eb2  =  =  {  5.669  x  10"'8)<400oK)‘t  =  1451  W/m2 

E_  =  OT**=<5.669  x  10~B  )  (300oK)**  »  459  W/m2 

b3 

Since  the  area  of  the  receptacle  is  very  large,  the  radiation 
shape  factor  from  the  receptacle  surface  to  the  boards  will 
reach  zero. 
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Using  the  concept  of  reciprocity  yields: 

F 


A  F  =  A  F 

1  1-3  3  3-1 


3-1 


AiFi-.a  =  o 


A  F  =  A  F  ,  F  = 

2  2-3  3  3  —  2  r  3-2 


A,F 


2  2—3 


=  0 


For  surfaces  which  may  see  themselves,  the  generalu relation 
is: 


n  i 

l  F. .  =  1 .0 
3-1  13 


*  r  .  i.  t  t,,  «  !;' 

II 

Applying  this  relation  yields:  c 

F3-3  +  F3-2  ♦  F  3  -  3  *  1-0'  F3-3  ■  ’-O 

The  relations  for  nodes  1,  2,  and  3 . are  expressed  by: 

Ji  -  1  -  ei  z  pij‘J3  -  EEbi  -  ••  ..  . 

3  * 

i 

Node  1  :  J1  -  (1  -  e  x  )  ( F  x  _  4  J  3  +  F  x  _  2J  2  +  Fi  -  3  J  3 1  =  eiEbi 

Node  2:  J 2 - <  1  -  e2  +F2-zJ2  *  F2_3J3 )  = 

Node  3:  J%-<1  -  e3  )(F3-1J1  +  P3-2J2  +  ?3-3J3  )=  e3  ^3 

Is 

Substituting  in  the  corresponding  values  for  equation  set 
( 1 )  yields: 

-  0.8)[“(0)J,  ♦  <0.46)J2  ♦  <0.54>J^  =  (0.81(56690) 
j  .(1  .  0.5>r  (0.46IJ,  ♦  (0)J,  ♦  (0.54)J,j  -  (0.5)  0451) 
j  -(1  -  £  3  )  l(0)J1  +  (0)J2  +  (1.0)J3«J‘ 

3  ^ 


<i ) 


-  £3(459) 


Since  the  receptacle  is  very  large,  the  radiation  emitted 
-oward  it  will  be  completely  absorbed.  But,  the  receptacle 
surface  will  still  radiate  heat  per  unit:  time  and  per  unit 
area.  Therefore,  node  three  gives  J  =  459  W/m 


Simplifying  the  node  relations  yields. 

j  -  0.092J  -  0.108J  =  45,352  . 

1  2  3  * 

-0.23J1  +  J2  -  0.27Ja=  725.5 

J3  s  459 

Solving  for  and  J2  yields: 

j  =  46462.87  w/m2  =  46463  W/m2 

j  =  11535.885  W/m2 *  1  1  536  W/m2 
2 


,  i 
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The  energies  radiated  for  boards  1  and  2  are  calculated  as: 


1  .Cl)  bi  '  <1  -  0.8) 


(56690  -  46463)  =  40908  W 


qa=  (~i  _£2)<Eb2  -  j2>  *  •  0451  "  11536)  “  -10085  w 

The  total  energy  assimilated  by  the  receptacle  is: 

qs  s  qi+  q2c  40908  -  10085  =  30823  W  ‘  ’* 

(b)  The  area  of  the  plate  joined  to  the  board  exteriors  is 
4.0  m  2. 


Applying  the  concept  of  reciprocity  yields: 


A.F.., 

A3F3.x#  F3_x= 


■^;=.  0.135 


A2F2-3=  A3F3-2‘  P  3  -  2  *  *  0-'35 

*  ■  .  4 3  ■,  1 

and  F3_i+  F3_2+  F3_3  *  1.0/  f3-3«'  1.0  -  0.135  -  0.135  =  0.73 


The  relations  for  nodes  1 ,  2,  and  3  are  the  same  as  in  part  (a). 


Substituting  in  the  corresponding  values  yields: 

¥ 

Jx-(1  0.8)  (  (0JJt  +  (  0 . 4  6  )  J  2  +  ( 0 . 5  4  )  J  3  ]  *  <0.8)(56690) 

J2-(1  -  0.5) [<0.46)Ji+  (0)J2  +  (0.54)J3 ]  ,  =  (0.5)  (1 451 ) 

-  e3  )  (  (0.135)J1+  (0.135)j2+  <0.73)J3*  e3  J3 

<*  ■  ■■  "  7  *  **  i  '  :  •  n 

*  *  *  1  » ••  "■ 

Simplifying  the  three. equations  yields: 

J,  -  0.092J  -  0.018J  a  45.352 
-0.23JX  +  J2  -  0 . 27J 3  *  -  >  a  7 2 5 i! 5  t 

-0.135J  -  0.1 35J  +  0.27J  «  0  ‘  1 

1  2  3 

J0lyieldthe  three  e<3uations  simultaneously  for  Jlr  j2 ,  and 

J3  2  51 ,424  W/m2 
J2  «  22,535  W/m2 
J3  s  36,980  W/m2  1  *  •’ 
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The  energies  radiated  from  the  boards  are:-'  4 

q  *  (E,  -  J  )  =  * 1 1  °  *  <  ~  ^  (56690  -  51424)  =  21064  W 

ll-Eibii  1-0.6 

.  ‘ '  * t  ■  . f  ■  1 

q  =  hl£X  (E  J  )  *  (1  451  -  22535)  =  -21064  W 

1  “£ .  D  2  2  1-0.5  | 

■  ,  ■■ 

It  is  obvious  that  the  energies  radiated  from  the  boards  com¬ 
pliment  each  other  since  the  plate  connected  to  them  is 
protected  from  heat  loss.^  The  plate  temperature . may  be  cal¬ 
culated  from 

T  „  :  +  ■.  *”■■**  "  :  * 

J3  =  Eb3  =  OT^  «  36,980  W/m2 

j  ^  J  ^  *  ‘  i- 

T  =  36/980  W/m2f  *  _  899  K?»  0  ♦  ’  * 

5.669  xIO"6 


*  ■  *  * 

i  ....  - 


r: 


•  PROBLEM  13  -38 


Determine  the  net  energy  transferred  for  a  square  channel 
(fig.  1)  at  each  surface  of  different  material.  The  prop¬ 
erties  of  the  surfaces  are  given  in  table  r1 .  '  >  - 


'  V  .  .  ! 


H  * 


u 


1 

Table  1 


Surface 

Number 

Material 

Temperature  f 

T 

Emissivity 

i 

1 

Monel  Metal  ^ 

760-F 

0.44  - 

2 

Iron,  Polished 

1700°  F 

0.34 

3 

Nickel,  Oxidized 

" 1720°F 

0.71  “ 

4 

Mild  Steel 

1395°  F 

.-0.27  4 

■91? 


Solution:  The  problem  to^be  solved  is  a  Four-Node  System. 

Each  surface  will  have  the  node  energy  depicted  as:^ 

(1, 0,0,0),  (0, 1,0,0,),  (0,0, r,0),  and  (0,0, 0,1). 

'  i  't  *  ^ 

The  radiation  shape  factors  of  each  surface  will  be  equal  to 
its  corresponding "emissivity:  :r  -  *  *■  ^ 

K  »  “  .  •  <  -  3'  .  ‘  •"  ■*'  -  •  «  * 

-  .%  -t  Pi  i*  +  *P j  j-  ♦  F13  +  Px>*-«  Ci-  '  5  ^ 

or,  0.0598  +  0.0909  +0.2336  +  0.0557  =  0.440 

•  -  -  ■  *  "  •=  ..  '  "  .  ■ 

^21  +  ^22  +  **2  3  +  ^24  “  e2 

*  -A  •  ' 

0.0683  +0.0491  +  0 . 1 765 c+i 0 . 0461  =0.34' 

.  *  ’Z  »  *■ 

Pj  1  *  P  3  2  ^  Paa  *  P  34  =  1 3 

0.1552  +  0.1791  +0.2880  +  0.0877  =  0.7100 

t  *■  *’A  ■*  E*  4 


*  P<n'  2  *  E4  3  +  E44 


=  C  4 


0.074  +  0.0632  +  0.1135  +  0.0189  =  0.27 

ti  ■{  u  '  t  --  4.  «-■  ‘  .  r!; 

J-.  =i?  $ :  « 

•  .  «  *  ^  ^  .  .  *: 

Next,  the  emissive  ’  powers  of  the  walls  are 

k,  •  *  '  s>  «  *  4  - 

“■  ’  *  '  -r  ■* 

EbJ=  CjOT^  =  0.44  (.1714  x  1 0~  8 ) ( 760°F  +  460°R)4 
=  1.67  x  103  Btu/hr .  ft2 

Eb,=  CjOT/  =  0 . 34  ( .  1  71  4  x  10  8  )(1700°F  +  460°R) 4 

'  =  1 .268  x  10  *  Btu/hr. ft 2  *  } 

Hs.  '  _  <,+*  \ 

Eb  3=  5T3*  =  °*71  (  .1  71  4:x^1  0"  ®)  ( 1  720°F  +  460?R)  4 


=  2.748  x  10  Btu/hr. ftz  ^ 

5  >  •  j- 

Eb  *  e „ o T^  =  0 . 27 ( .  1  71  4  x'l 0“ 8) ( 1 395°F* +  460°R) 

“  \  - 

=  5.48  x  103  Btu/hr ; rft2 


The  energy  transferred  by  each  surface  may  be  represented 
Dy ; 

4 

j — qj  =  FkjEbk  ~|ejEbj^ — 

Expanding  eqt  (1)  yields:  *  1  ) 


qi.:=  pnEbl*  F2iE 


I  t: 

b2*  p».*b,t  F.iEb,-  e*eL 


n  i 


*  0. 0598(  1 . 67  x  1  0  3)  +^  0.0683(1 . 268  x  1  0  4)  +  0 . 1  552 (  2 ^748  x  1  04  ) 
*+w°*P?45<5,t48  xIO3)  -  0.44(1 .67  x10i)  =  4 . 9  x  1  0  3  Btu/hr. ft2 
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q2  *  F  _EW.+  F 


!2Ebl+  F22EbJ  F32Eb3+  F„  Eb,  -  e*E 


b2 


=  0.0909(1  .67  x  10  3)  +  0.04  91  (1 .268  x  10** )  +  0 . 1  791  ( 2 . 748  x  1 0 " ) 

II 

+  0.0632(5.48  x  1  0 3  )  -  0.34(1 .268  x  10'|  =  1  .73  x  10  1  Btu/hr.ft* 


<33  •  F13Ebi  ♦  F23  Eb2+  F33Eb3+  F„  Eb> 


-  e,E 


3  b  3 


=  0.2336(  1  .67  x  .1  0  3)  +  0 . 1  765 ( 1 . 268  x  1  O1* )  +  0 . 2880  (  2 . 748  x  1  0  H) 

.  ~  **  l  »  "*  ■ 

+  0.1135(5. 43  xIO3)  -  0.71  (2.748  x  1  0“  )  =  -8. 35  x  1  0  3  Btu/hr.ft2 

■  • .  r  ..  ■  {  1  ■  l  •  ,  -  $ , 

9 <*  =  rFi**Ebi  +  p2"  Eb2  +  F3it  Ebj+  Ebi»  -e*»Ebi,  ,  -  \ 

.  •  -  .  '  4.  %  '  k.  *  H  .  ,  i  . 


=  0.0557(1 . 67  x  10  3)  +  0.0461  (1  .26  x  10“)  +  0 . 0877  (  2 . 748  x  10"  )'■' 
+  0.0189(5.48  x  10  3)  -  0.27(5.48  x  103  )  =  1.71  x  103  Btu/hr.ft2 


r:  4  ■ 

.  ':1F> 

‘  r  f| 

L  4  ■  A  ‘v,  ' 


k  j-< 


If,  ..i 


a  4i"l|: 


A 


W>-  -  jjk‘ 


*  ■'  '•;»  IJt- 


v  \  **'.  1  J  V  *r 


J  X  1.  f 

?;>  '  ;  » 


y\: 


r,,.# 


...  ••!>?  f  k  <»»  ...it  ,  '  «  i  A 

/  .  .It-  >3-.  ***  V-' 

r  ,  i  .3  tsv.  :  *•.  „  Hi 

.  -  f|  V  •  ‘  -  .7  * 

,  -V  a  •  >/ 


if  ■*  .  ■  v  -*  •  i  • 

I: 

;  5,m:.  .  -i  i  -  .  r  M  *  ‘  «■ 

'i 

:.  ."(fl.x-rtKI  -H'j  ..  ill"  ,.!l  >;fi. 

^  '  •  '  .  ,1  3  #  '< 

„  f-  .j/??  .  «■ 

■v  .  ;X;  /-4  •'•/  cl!-  .  »L’  4  '  i» 

.«  *v 
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CHAPTER  14 


STATISTICAL  THERMODYNAMICS 


Basic  Attacks  and  Strategies  for  Solving 
Problems  in  this  Chapter.  See  pages  920  to 
971  for  step-by-step  solutions  to  problems. 


Statistical  thermodynamics  is  the  part  of  statistical  mechanics  that  deals 
with  equilibrium  states  of  macroscopic  systems  whose  behavior  is  described  in 
terms  of  the  properties  of  atoms,  molecules,  and  ions.  When  measuring  a  thermo¬ 
dynamic  property  such  as  pressure,  the  value  is  the  result  of  chaotic  molecular 
motion  on  the  instrument,  and  macroscopic  measurements  are  averages  over  a 
very  large  number  of  possible  quantum  states  of  the  atoms  and  molecules  in  the 
system.  Consequently,  the  purpose  of  statistical  thermodynamics  is  to  evaluate 
macroscopic  properties  using  time-averaged  molecular  properties,  and  the  con¬ 
cept  of  an  ensemble  is  used. 

Ensembles  and  Postulates 

An  ensemble  consists  of  a  large  number  of  imagined  systems,  and  each  of 
these  systems  has  the  same  macroscopic  properties  of  the  real  system,  but  may 
have  different  quantum  states.  For  example,  if  a  real  system  has  total  energy  E, 
volume  V,  and  molecules  N,  then  every  system  in  the  ensemble  has  the  same 
energy  E,  volume  V,  and  molecules  N  (constant  E,  V,  N).  A  canonical  ensemble  is 
one  where  every  system  contains  molecules  N  in  volume  Vwith  heat  conducting 
walls  in  a  large  heat  bath  (constant  T,V,N). 

The  first  postulate  of  statistical  thermodynamics  is  that  the  time  average  of  a 
dynamic  property  (e.g.,  pressure)  is  equal  to  the  ensemble  average  of  that  prop¬ 
erty.  To  calculate  the  ensemble  average,  the  distribution  of  quantum  states  is 
required.  A  canonical  ensemble  with  total  energy  E  consists  of  K  systems,  with  each 
system  having  a  volume  V  containing  N  molecules,  and  all  systems  are  in  thermal 
contact.  Therefore,  the  canonical  ensemble  has  volume  KV  with  KN  molecules,  and 
has  systems  n^,  n2,  ...,  n k  in  quantum  states  1,2,  . ..,  k  with  energy  eigenvalues  of 
Eu  E2,  ...,  Ek.  There  are  many  distributions  that  satisfy  the  following  equations 
for  the  sum  of  the  number  of  systems  and  the  sum  of  the  energy  of  the  individual 
systems: 


920  -  A 


(1) 


n, -K 


/-i 

A 


2  «■£, 
i-1 


(2) 


Let  n  represent  a  particular  distribution  of  k  quantum  states  over  the  K  sys¬ 
tems  ( k  js  K),  where  some  systems  are  in  the  same  state,  i.e.,  nx  systems  in  quan¬ 
tum  state  1,  n2  systems  in  quantum  state  2,  and  nk  systems  in  quantum  state  k.  Then 
Q(n)  is  the  number  of  different  arrangements  of  quantum  states  in  an  ensemble 
where  the  systems  in  each  set  nu  nly  ...»  nk  are  not  distinguishable,  and  this  is 
given  by  the  following  equation: 


(”i  +«2+...+nA)!  K\ 

„|«  I  „  I  “A 
nx\n2l..nk\  y-r 

11"' 


(3) 


/•i 


A 

where  x  represents  the  product  over  the  number  of  quantum  states.  Also,  the 

/-I 

probability  that  a  particular  system  is  in  quantum  state  i  for  a  given  distribution  n 


is: 


Pi  =  nJK 


(4) 


The  probability  pj  is  averaged  over  all  possible  distributions  of  quantum  states. 
With  each  distribution  of  quantum  states  over  the  system  being  equally  probable, 
this  gives  the  following  equation  for  the  averaged  probability  <p-> : 


Pi 


1 


£  n(Q(n) 


(5) 


K  £Q(n) 

where  K  is  the  total  number  of  systems  in  the  canonical  ensemble,  nx  is  the  num¬ 
ber  of  systems  in  distribution  n  that  are  in  quantum  state  i  with  energy  eigenval¬ 
ues  Eiy  Q (n)  is  the  number  of  states  with  distribution  n,  and  £  indicates  summa¬ 
tion  over  all  distributions  which  correspond  to  those  given  in  Eqs.  (1)  and  (2). 

When  the  number  of  systems  in  the  ensemble  become  very  large  (K  —  <»),  an 
approximation  can  be  used  which  replaces  the  summation  with  the  most  probable 
distribution.  The  most  probable  distribution,  «*,  is  the  one  that  has  the  maximum 
number  of  quantum  states  in  the  canonical  ensemble,  and  Eq.  (5)  can  be  written 
as: 


1  _  n,(n*) 

Pi  K  Q  («*)  "  K 


(6) 


where  «,(«*)  indicates  the  number  of  systems  of  distribution  n*  that  are  in  quan¬ 
tum  state  i  with  energy  eigenvalue  Eh  and  Q(n*)  is  the  number  of  states  of  the 
canonical  ensemble  in  the  most  probable  distribution. 
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r 


To  evaluate  p^and  nt(n*),  the  maximum  value  of  Q(/i)  is  required  subject  to 
the  constraints  given  by  Eqs.  (1)  and  (2),  and  Q(n)  is  given  by  Eq.  (3).  Using 
Stirling’s  formula  [In  n!  =  n  In  n  -  n]  and  the  method  of  Lagrange  multipliers,  the 
following  results  are  obtained: 


«,(«*)  =  Ke~^E'  /  \  e”p£* 

(7) 

II 

k 

p.*  =  e~VEi  /V  e~^Ei 

(8) 

;-i 


where  (3  is  the  Lagrangian  multiplier  associated  with  Eq.  (2),  and  p,*  is  the  prob¬ 
ability  that  a  given  system  of  the  canonical  ensemble  is  in  quantum  state  i  with 
energy  eigenvalue  Er  The  summation  is  over  all  of  the  k  possible  quantum  states. 

The  second  postulate  of  statistical  thermodynamics  is  that  for  a  closed  system 
with  fixed  energy,  all  accessible  and  distinguishable  quantum  states  of  a 
microcanonical  ensemble  are  of  equal  probability.  This  can  be  expressed  by  the 
following  equation: 

Pfi  (9) 

i-1 

where  P  is  the  measured  macroscopic  dynamic  property  of  the  real  system,  Pt  is  the 
property  of  the  system  in  quantum  state  i  in  the  ensemble,  and  p(  is  the  probability 
of  quantum  state  i  of  the  system  in  the  ensemble.  Equal  probability  in  the  postulate 
hasp,  =p2  =  ...  =p*  (=p*). 


Partition  Functions 


The  second  postulate  of  statistical  thermodynamics  can  be  applied  to  a  closed, 
isothermal  system  where  U,  the  internal  energy  from  classical  thermodynamics, 
is  equal  to  E,  the  total  energy  of  the  canonical  ensemble.  Using  Eqs.  (8)  and  (9) 
gives: 

k  k  k 


U  =  E  =  ^  Pi  *  Ei  =  J  ^  e~*Ei 

t»i  i*] 


(10) 


The  summation  in  the  denominator  of  Eq.  (10)  is  called  the  canonical  parti¬ 
tion  function  Q,  i.e., 
k 


Q  =  2  <rPWAr) 

i~l 


(11) 


where  Et{V,  N)  is  the  energy  of  the  system  in  the  canonical  ensemble  that  is  in 
quantum  state  i.  The  partition  function  Q  is  a  function  of  p,  Vy  and  N. 


The  internal  energy  can  be  written  in  terms  of  the  partition  function  by 
partially  differentiating  the  natural  logarithm  of  Eq.  (11)  with  respect  to  p  to  ob¬ 
tain: 


U  =  - 


dlng\ 

K,N 


(12) 
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It  can  be  shown  that  the  Lagrangian  multiplier  p  is  related  to  the  thermody¬ 
namics  temperature  T  by  the  following  equation: 


P  =  l/(kT) 

where  k  is  Boltzmann’s  constant  (1.3805  x  10-23  jr-I).  Thus,  the  statistical  ther- 
modynamics  analog  for  internal  energy  is: 


Consequently,  the  internal  energy  U  can  be  computed  knowing  the  partition  func¬ 
tion  12- 


Other  statistical  analogs  of  thermodynamic  functions  can  be  obtained  by 
mathematical  manipulations  of  Eqs.  (10)  through  (14)  and  relations  from  classi¬ 
cal  thermodynamics  such  as  dU  =  TdS  -  PdV.  This  will  give  the  following  equa¬ 
tions  for  enthalpy  //,  entropy  S,  pressure  volume  product  PV,  Helmholtz  energy  A, 
and  Gibbs  energy  G: 


(15) 


(16) 

(17) 


A  =  -kT  In  Q 


(18) 


G  =  -kT 


in  Q-{d~m 
UlnW7tJV 


(19) 


There  is  a  comparable  set  of  statistical  analogs  from  the  ensemble  where  the 
systems  exchange  both  energy  and  matter  — the  grand  canonical  ensemble.  This 
leads  to  the  generalization  for  a  multicomponent  system. 


Evaluation  of  Thermodynamic  Functions 

The  canonical  partition  function,  Q,  is  used  to  evaluate  the  thermodynamic 
functions,  and  it  is  factored  into  contributions  from  internal,  kinetic,  and  potential 
energy  for  this  purpose.  First,  the  partition  function,  Q,  is  considered  to  be  a 
product  of  internal  energy,  Qint>  and  translational  energy,  Qtrans>  contributions,  where 
Qint  includes  contributions  from  rotation  and  vibration  and  Qlrans  includes  contri¬ 
butions  from  positions  and  motions  of  the  centers  of  mass  of  the  molecules.  Then 
Quam  is  composed  of  a  product  of  two  factors:  one  includes  the  contributions 
from  kinetic  energy,  Qkim  and  the  other  from  potential  energy  ZN.  Thus,  the  parti- 
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tion  function  has  the  following  form: 

Q  =  Qint{N,T)  Qkin(N,  T)  Z^N,  7,  V)  (20) 

where  is  called  the  configurational  partition  function,  which  depends  on  tem¬ 
perature  and  volume,  and  it  is  the  only  contribution  that  depends  on  intermolecu- 
lar  forces. 

From  Eq.  (20),  In  Q  is  the  sum  of  the  In  of  the  internal,  kinetic,  and  configu¬ 
rational  parts,  i.e.. 

In  Q  =  lnj2;nf  +  In Qkin  +  InZ*  (21) 

Thus,  when  Eq.  (21)  is  substituted  into  Eqs.  (14)  through  (19),  separate  contribu¬ 
tions  for  internal,  kinetic,  and  configurational  parts  are  obtained. 

Various  classes  of  gases  — monatomic,  diatomic,  and  polyatomic— differ  by 
the  number  and  type  of  internal  modes  of  energy.  However,  translational  energy 
is  the  same  for  each  of  these  types  of  molecules,  and  the  translational  contribu¬ 
tion  to  the  partition  function  is  given  by  the  following  equation: 

(22) 

where  V  is  the  molecular  volume,  h  is  Planck’s  constant  (6.6242  x  10-34  Js),  m  is 
the  molecular  mass,  and  k  is  Boltzmann’s  constant  (1.38048  x  10"23/K_1). 

Using  Eq.  (22)  with  Eqs.  (14)  through  (19),  the  translational  contribution  to 
these  thermodynamic  properties  is  obtained  as: 


Values  for  other  thermodynamic  functions  can  be  obtained  by  performing  the 
indicated  partial  differentiation. 

For  a  monatomic  gas,  the  only  internal  mode  of  energy  is  that  of  the  elec¬ 
tronic  levels  of  the  atom.  By  convention,  the  ground  electronic  level  energy  is 
taken  as  zero.  Then  the  internal  partition  function  is  evaluated  by  direct  summation 
over  the  electronic  terms  as  needed. 

For  a  diatomic  gas,  the  internal  modes  consist  of  independent  rigid  rotation 
and  harmonic  oscillation,  and  all  molecules  are  in  the  ground  electronic  level.  A 
rotational  partition  function  is  determined,  which  is  used  to  evaluate  the  contribu¬ 
tion  to  the  thermodynamic  properties.  Extensions  include  electronic  contributions 
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using  an  electronic  partition  function,  and  dissociation  energy  using  a  chemical 
partition  function.  These  same  procedures  are  used  for  extensions  to  polyatomic 
gases. 


In  summary,  the  key  concepts  of  statistical  thermodynamics  were  presented 
in  the  context  of  using  molecular  properties  to  predict  thermodynamic  functions. 
Using  the  first  and  second  postulates  of  statistical  thermodynamics,  the  total 
energy  of  a  canonical  ensemble  was  related  to  the  internal  energy  from  classical 
thermodynamics,  and  this  gave  the  equation  for  the  thermodynamicproperties  in 
terms  of  the  canonical  partition  function.  Procedures  to  evaluate  the  partition 
function  were  described  in  terms  of  contributions  from  internal,  kinetic,  and 
potential  energy  for  gases. 
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Step-by-Step  Solutions  to 
Problems  in  this  Chapter, 
“Statistical  Thermodynamics” 


•  PROBLEM  14-1 


(a)  Show  that  the  partition  function  appropriate  to  an 
isothermal-isobaric  ensemble  is 

A(N,P,T)  =  n^(NfV/E)e’E/kTe"PV/kT 

{b)  Derive  the  principal  thermodynamic  connection  formulas 
for  this  ensemble. 


Solution:  An  ensemble  is  a  {mental)  collection  of  a  very 
large  number  of  systems,  each  constructed  to  be  a  replica 
on  a  thermodynamic  level  of  the  actual  thermodynamic  system 
whose  properties  are  being  investigated.  For  example,  con¬ 
sider  a  system  of  pressure  P  that  eontains  N  molecules  of  a 
single  component  and  is  immersed  in  a  large  heat  bath  at  a 
temperature  T.  In  this  case,  the  ensemble  consist  of  n 
systems,  all  of  which  are  constructed  to  duplicate  the  ther¬ 
modynamic  state  (N, P , T)  and  the  environment  of  the  original 
system.  Define: 

=  enthalpy  measured  from  system  i 

N  =  £n^,  where  n^  is  the  number  of  systems  with 
enthalpy 

H  =  In.H. 

L  i  l 

The  constraints  are 

<t>i  =  In±  -  N  =  0 

i)  a'd^  =  £adn^  =  0 

where  the  parameter  a  is  called  the  Lagrange  multi¬ 
plier 

<f>2  =  I  niHi  -  H  =  0. 

ii)  3d<|>2  =  l6Hidni  =  0. 


920 


For  each  value  of  N,  there  will  be  a  different  set  of 
energy  states.  Let  the  number  of  states  associated 'with 
the  distribution  n  =  ft (n) .  Then  l 


.  n: 
n(n)  = 

i 


Let  the  total  number  of  states  overfall  n  =  C.  Then, 


C  *  Jft  (n) 
n 


(1) 


(2) 


and  the  probability  to(n) ,  of  a  given  distribution  is  given 

by  !*  f 


to  (n)  = 


ft  (n) 


-4 


(3) 


Since  the  most  probable  distribution  set  is  desired,  maxi¬ 
mize  w  using  equations  (1)  and  (3) : 

*  ) 

in  a)  (n)  =  in  NJ  -  [  In  n±!  -  in  C. 

i 

Using  Stirling's  approximation 

in  w(n)  =  N  In  ii  •  5  -  [  n.  In  n.  +  E'n^  -  in  C.  , 

i 

But  N  =  E  n^,  * 

Jtn  to(n)  ®  N  in  N  -  £  n±  in  ni  -  in  C.  ? 

d  *n  u(-n±  =  -l  (n,  +  d 4  in  nA> 

dn  ni 

«  -1(1  +  in  ni)dni 
i 

*  *  * 

Apply  Lagrange's  method  of  undetermined  multipliers; 

E  (-1  -  in  n.  -  a'  -  pHi)dni  -  0. 


Thus,  (1  +  a*)  +  in  ni  +  SHi  ®  0 
Let  a  =  1  +  a'  then 


in  ni  =  -a  -  fSH^ 


h 


£ i  t  >r 


or 


.3H, 
-a  i 
ni  =  e  e 


(4) 


Recall  that  En±  “  N«  Therefore, 
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lo  'f\>  *  Jg*t  _a  -3H^  '  i  :*. 

St*  Ik  U-  3jl  -C-N.  =  i  e  ;e  p-  .  «-  •'/;-!  * 


**>  .  *i 


n:  «  l 


-SHi  _i 

=  e  l  e 


«'■>  i  -;• 


1  ■  3 

f 


(5) 


Let  the  probability  of ^the  system  having  enthalpy  of*>H^  inj 
the  maximum  distribution  n  be  P. 


p  .=  _ : 

**:-•  -•  i  *  - 

N 


From  equations  (4)  and  (5) 

*  i 

-a  -6Hi 
e  e 


1 


4  t 


;  ..*&  p  = 

i 


e  l  e 
i 


.. :  x*v . 

-3H,  , 


\  ’ 

x 


iio  ^ 


-3H. 

Ie .  +  ,  A  ■*  ,1 

* 

-6H. 


where  A  is  the  partition  function.  Now 
, H  =  l  P .H.  ' 

^  .i,  s  -  - 


1  r 


-3H. 

I- H.e-  r  1  *  * 


H  = 


-8H. 


t  it* 


.1  i  [  e-  1 


f  i  *  M. 

'  ‘J.M, 


iHi  e  1 

=  — =~T - *4  «  , 


'41*  1  JL 


(6) 


(7) 


Differentiate  equation  (7)  to  obtain 
dH  -  l  P±dHi  +  l  HidPi 


.7  it  - 

*  i 


♦  * 

t 


(8) 


1  5 


From  the  combined  first  and  second  laws  of  thermodynamics 

dHi  =  TdS'^1  VidP"  "  ;  *  (9) 
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But 


f3Hi) 

3p“ 


=  V, 


N 


an.  = 


3Hi 

5p~ 


dP  =  V.dP 

N  ,  - 


Also,  from  equation  (6) 


An  P^  +  An  A  .=  -6H^,  vt  ... 

Rearranging  this  to  solve  for  yields  • 

k* 

Hi  »  -  ^(An  Pi  +  An  A) ,  , 

r" 

Using  the  expressions  for  dH.  and  H.  in  equation  (8) 

1  A  1  . 

.i.  *  ■  •  -  _f 

dH  =  l  P . V.dP  -  l  i ( An  P.  +  An  A)dP. 

4  1  4  P  ^  -f 


=  VdP  -  l  j  An  Pt  dPi  -  |lAn  A  £dP^ 

1  '  t* 

=  VdP  -  l  f  An  P.  dPi  -  0  , 
i  M  .  *  —  ,  ■  -  »  .•  » 

/  \  dPi 

But  d^Pi  An  PjJ  =  l  P±  —  +  l  dPi  An  P± 

=  0  +  1  dP±  An  Pi  v  • 
i 

=  I  dPi  in  P.  ? 


dH  = 


=  -  |  d^Pi  An  P^  +  VdP 


and  from  equation  (9) 

dH  =  TdS  +  VdP 1 

Comparing  equations  (9)  and  (12)  imply  that  ' 

TdS  =  -  l  d(p.  In  Pi) 

From  the  cannonical  ensemble,  0  is  defined  as 

4 

fi  -  1 

B  Jct"*  .  « ■ 


But 


-6H. 

»  =  Ie  1 

i 


(10) 


(ID 

gives 


(12) 
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=  £  e"Ei/kTe-PV/kT 


e  \ 


Summing  over  all  levels  yields  f 


A  =  l  l  n(N,V,E)e-E/kVPV/kT 
E  V  , 


(b)  The  derivation  of -the  thermodynamic  functions  are  as 
follows 


dS  =  -kd A  PA  tn  Pxj  '  '  V 


„  -BH± 

* 

— 

r 

r'=  -kd 

l  e 

1  --  in 

r  _$Hi' 

e 

^  A  n 

i  A  J 

BT 


-  -BHV  '  "  "  - 

I  e 

1 — ~L - (+3H  /  +  Jin  A) 


p  -BH.  -BH. 

I  Hj^e  x  in  A  ..I  e  1  4 

„  _  1  i  .  1  ^  i  i.  i 

S‘T  S -  +  Bt  - A -  1 


=  ^  +  k  Jlri  A^  .  f  **•  - 


(13) 


or 


G  “  H  -  TS 


c  _  H  G 

S  -  T  “  T 


■v  . 

L ' 


(14) 


From  equation  (13) 
-~r  =  k  Jin  A 


or  G  =  -kT  in  A (N,P,T) 4 

dG  =  -SdT, +  VdP  +  pdN 


and 


t . 


M  (•-«  •' 

Wf(i  s 


(H) 

(H) 


T,N 


T,P 


=  V 


=  M 
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-  “(t|,  „  * k  *»  *■  ■  - 


+  k  in  i 


From  equation  (14) 


H  =  kT 


2(3  i.n  A 


•  PROBLEM  14-2 


Calculate  the  molecular  translational  partition  functions 

3 

in  a  volume  of  1  cm  at  298  °K  for  the  following  molecules 
a)  H2,  b)  CH4,.<c)  C8H18. 


Solution:  The  molecular  translational  partition  .function 
is  given  by  ,  f  "  >  *  » ,  •  t 

[^}3/2v  ■ 


ltrans 


where  h  is  Planck’s  constant,  m  is  the  mass  of  the  molecule 
and  V  is  the  volume.  Taking  the  mass  out  of  the  square 
bracket,  gives  -  y 


‘trans 


i  _  [271  kfl  ’ 
«h2_. 


2tt(1.38x10“23JK“1)  (298<,K)_[?/?  ,,  -  f  1m} 

"  _  ,  -34  _  '  72  U  Cm  ]  [100  cm] 

(6.63x10  J  Sec)  J  K  J 

V'  >-4  .  <.  .  .  L  ‘r- 

=  1.42  x  1064 (j“1s“2)  /  m3/2 (meters)3 


a)  For  H2 


Mass  per  molecule  of  H2  =  — 


(2.016  g 


6.02  x  mol 


=  3.348  x  10'27  kg 


From  equation  ( 1 ) 


925 


qtrans.  “  1*42  X  ^ ^ ^ U • 348  *  10"27  kg) 

=  2.750  xiio24(j“1s“2)3/2  k93^2(met) 3 
** 

=  2.750  X  io2fU&cA....  -i-Jr2  kg3/2(met) 


. . 9  —=—5*  ?  kg  (met) 

kg (met) z -  sec4 


=2.750  x  io24  kg~2/3  met"3  kg3/2  met3 


=  2.750  x  10^* 


b)  For  CH * : 

4 


mass  per  molecule  of  CH.  = 

.  ,.j  .  *  iV  ,  1  4  * 


r  -  f'-c.r  -  /J 


(16.04  g  aol"1)!^ 

~  6.02'  x  1023  mol*"1 
f  .  .»  *  :  * 


=  2.664  X  10~26  ‘kg 


l  ^  ?.  '  •  >  1  '■■■ 

qtrans. 


=  (1.42  x  1064)  (2.664  x  io“26)3/2 


=  6.175  x-‘io‘ 


C>  F?r  C8H18s 


(114.22  g  mol"1) 

Mass  per  molecule  of  C„H,  „  =  - - - U°0° 

8  18  2"?  —l 

6.02  x  iqz*  mol  1 


=  1.897  *  10"25  kg 


•  ‘  qtrans'.  =.  f1-4'2^*  IO64)  (l.897  *  10  25j3/2 

■  "  '  -  27  "  '  -  '  C  '  -- 

=  1.173  x  10^ ' 


PROBLEM  14-3 


Using  the  Euler -Maclaur in  summation  formula 


00  (■  i  sv  *  iLO..  t 

X  f  (n)  =  U  f  (x)dx  +  *±f<a)--  ^f  *  (a).  +  ^f”'(a)  +  \  , 

n=a  .  .  'i  *  ■!?  t>w  1 


evaluate  the  rotational  partition  function  at  high  temper¬ 
atures  . 


Solution:  The  rotational  partition  function  for  a  diatomic 
molecule  is  given  by  -  * 


‘rot. 


(T)  =  'l  (2J  +  1)  e 


-6BJ (J+l)/kT 


J-0 


where  J  =  the  rotational  quantum  number. 
Let  $B/k  =  0 

-0_j<j+i)/t 


w.(T>  ■  ln  <2J  +  1>e  rot 

,  Jas°  ,  .1  i  '  i 


f  * 


The  Euler-Maclaurin  summation  formula  is 

00  f 

oo  t  V  *’  -  * 

I  f  (j)  -  qrot  -  i  J  f  (x)  dx  r+  if  (JO)  -  ^f(O) 

0 


J=0 


(1) 


i 


72lT 


f"’<0)  +  ... 


where  f(J)  =  (2J  +  l)e 


-J(J+l)0ro1j/T .  ;  i 


(2) 

(3) 


and  a  is  symmetry  number 


Let  a  = 


.  Srot 


.  Take  the  Jin  of  both  sides  of  equation 


(3)  and  differentiate  it  to  obtain 


Jin  f(J)  =  in  { 23  +  1)  -  a  ( J*  +  J) 


i  *1 


Then 


Jin  f *  (J)  -  2  -  a  (2J  +  l)a. 

f ' (J)  __  2  a{2J  +  1) a 

f(J)  -  5J-TT  '  a(J2  + 


■  t 


[* 


f(J)  -  |  2  .13J±l>«l|(2J+1)e-(J‘«)- 

A  J^+J 


±|  J(2J+I)e-(j2+J)aj 


-  [2- 

Taking  natural  logarithm 


a  (2J  + 


|—  l'  f  2 

in  f'(J)  =  Jin  [2  -  a  (2J+1)  Jln~e~  <J  +J)a 


=  Jin 


13  - 


a(2J+l)23  - 


(J  +J)  a 


f"  (J)  _  Ha(2J+l) 


FOjT 


_  -4a 

_  2- 


a (2J+1) 


-  (2J+1) a 


■][- 


a(2J+l)2  e*(J  +J)a 


92? 


*'*">  f"  (JV  =^G-4a(2J+i)  -c(2J+l)a[2-a{2J+l)2]e"(j2+J)a]  ! 

■  2 

=  Lr4a(2J+l)  -*2a{2J+l)  +  a2  (2J+1 )  31  e~ ( J  +J)a 

W  V  ■  ■  f  M  — 1 

/ 

=  [a2  (2J+1)  3  -  6a(2J+l)3e“(j2+J)a 
Taking  An  of  both  sides  4  ’  ‘ 5 

„  2 
An  f"(J)  =  An[a2  (2J+1)3  t-  6a(2J+ir|An  e“(J  +J)a 
,  •  •••  r  n  t  *  '  ; 

=  An [a2  (2J+1) 3  -  6a(2J+l)J  -  (J2+J)a 

Evaluating  the  third  derivative  **  '  * 

_  a33(2J+l)  2  x  2  -  6a  2  ^ 

f  "  ( j )  “2  1  T~ - ”  <(2J+l)a 

V  '  az(2J+l) J  -  6a  (2J+1)  L  *  =. 

"A 

f"'(J)  =  [6a2  (2J+1)^2  -  ^12a  -  a3(2J+l)4  +  6a2  (2J+1) ^ J  +J*a 

f*M(J)  =  £-a3(2J+l)4+12a2(2J+l)2  -  12je~*j2+J,a 

The  terms  under  the  Euler-Mac  laurin  summation  formula 
will  now  be  evaluated.  Let  J  =  x.  Thus  * 

:•  «  t  jo  -:•  *  .  »  4.; r  d  *  j  n. '  -,  m  *  '■ 

J  f  (x)  dx  =  |  (2x  +  l)e“*x'+x,a  dx,  ’  r  * 


rv  *  * 


u  s  x^  +  X 


dU  =  (2x  +  l)dx  +  , 

oo  OO  {  i  * 

J  f  (x)  dx  =  Le“aU  dU  n 

0  j  '  -0  tf  «.  ..  .  ‘  W 

f.  I 

OO 

=  -  i|'(-a)e'aU*d 


_  *  l*i~aU 
*  ~  i  6 


Also  f  ( 0 >  =  (1)4 


1 

e  j 
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=  1 

*  *  *> 

f  ’  (0)  =  [2  -  a (12{] e° 


a  r 


=  2  -  a 


f"»(0)  =  [-a3  +  12a2  -  12a] 


*  a[-a*  +  12a  -  12] . 


Therefore  from  eqn  (2)  *  !  -  ' 

j  f(j)  =  qr  =  Ifl  +  |(l)  -  jj-(2-a)  +  ^(-a^a-ia)] 

-ifl  .1.1.  a  a3  ^  tl2a2  12a  .  "1 
~  o\J  *  ?  6  +  12  “  72ff  +  1W  “  72tT  +  •  -J 


48a  a2  a3  1 

720  60  72U  *  *  J 


=  i|i+  4 

o  [a  3 

-  Ill  +•  I  +  i&  +  sl  -  +  ■  1 .  ‘ 

a  [a  3  15  *  60  720  '  *  *_[ 

-£[1  +  !+£'+£:to+-]‘ 


But 


__  Qrot 


Therefore, 


*rot  00 


T 

1  +  l 

Qrot 

+  J_ 

[6rot] 

2 

•  +  ± 

[9rot] 

aSrot 

[J  J 

l  T  J 

15 

l  T 

.  60 

l  T 

rot 


720  ^  T 

For  T  >>.  erot,  then  qrot  = 
high  temperature  result. 


+  • . . 


00 


,  which  is  the  classical 


rot 


•  PROBLEM  14-4 

Calculate  a)  the  rotational  partition  function  qrot,  b)  the 

entropy  contribution  from  rotation  and  c)  the  rotational 
contribution  to  the  heat  capacity  at  constant  volume,  CVr 

i* 

for  HD  gas  at  96  °K.  Take  ©r“aa  64  °K.  d)  What  is  the  val- 
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ue  of  E  in  cal  mole  deg  for  HD  at  96  °K  ?  ’e)  Find 
the  fraction  of  HD  molecules  in  each  of  the  first  four  ro¬ 
tational  energy  levels  at  32  °K,  96  °K  and  256  °K.  The 
value  of  0vifa  is  6100  °K. 


Solution;  a)  At  low  temperatures, direct  summation  must 
be  carried  out  in  order  to  calculate  q  (T) 

r  * 

.  t*  *  *  '  ■  - 

“  -J (J+l) 0  /T 

qr(T)  =  l  (2J  +  1) e  r  (1) 

J=0 

where  0^.  is  the  characteristic: temperature  given  by  * 

H2 

,0  =  -  h  * 
r  2  * 

'  *  .  8TT  Ik  _  **  * 

I  is  the  moment  of  inertia ^ about  the  center  of  mass,  and  J 
is  the  rotational  quantum  number.  .Expanding  equation  (1) 
gives  ^ .  f 

qr  -  1  +  3e‘2S/T  +  5e~6®^T  +  7e'120/T  +  9e-20®/T  + 

,  ^  y 

=  1  +  0.790  +  0.092  +  0.002  +  0.000015 


=  1.884 


2f3  in  q, 


b)  Er  =  NkT' 


Let  qr  =  x.  Therefore, 


^  <  f-\  '  \ 

0  3  Jtri  q  .  _  r  * 

NkT^  ——S  =  NkT2  I  2*  -  t 


,  NkT2f60r  “20r/T  300  *  -60  /T  840^  -120/t 

q  2  C  •  +*  o  °  — -  +  — ^ — e 

qr  [tz  t2  .  T2 

J  R  f  ’  “20r/T  ,  -60  /T  *  .  -120/T 

”  q“  60re  +  300  e  +  840  e  r 

Mr  k  r  r 


R  =  1.987  ca 1/mole  °K 


•  t q_  =  1.884 
^  r 

*  0r  =  64  °K 


Substitute  these  values  into  equation  (2)  and  solve  for  Er 
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As  a  result. 


=  145.7  cal/mole 


c)  C 


=  fill 


Vr  (STj 


=  Rqr 

f 


120^  -20/T 
— ~e 


l  T‘ 


+  180  \  1008  §^'-120/1 


-20  /T 
^6©re  +  300re 


-  R 

.  (  0„  -20/T 


v  -»  T‘ 

-60r/T 


+  s 


+  840e 


-120r/T 


1  T 


r  :  0r  -60  /T  .  0  -120  /T 

“  ^  r  +  84  -4e  rji 


+  30 


11  °rf  "20/T  -60  /T  -120  /T 

Rqr  “4U2e  *+  180e  ’-+  1008e  r 

q;L  ^ 


-=£( 


-20  / T 

6e  +  30e  r  +  84e 


-60r/T^  -120r/T] 


=  11*3106  -  1.9068 


q 


=  2.65  cal/deg  mole 


Etotal  Etrans  +  Erot  +  EV.  +  Eelec. 


.  f 


(3) 


Etrans.  “  (3/2)NkT 


=  |-(6.02xlo23  mole”3;)  (1.38*10”16  erg  deg-1) 


1  cal 


[4.18x10'  ergj 
-  286.2  cal  mole 


(96  °K) 

-1 


Erot  —  145.7  cal  mole 


-1 


EV i  *  Nk 


9Vi  9  Vi 

+ 


~T"  feVT  -  l] 

l  L  ,  J) 


The  value  of  0„ .  =  6100  °K  t  '"if 

V  i  •$  ■  *  ■ 


,  4-3  ,? 


i  -■■■■ 


EVi  -  1.987  cal  mole  °K  ^OSO  °K) 
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=  6060 . 35*cal  mole 


E  .  Z  0. 
elec 


Using  the  above  values  in  equation  (3)  gives 

,  '  *  :  ~  .  ;  i  '  V  '•  % '  '  *  f  *  v* 

Etot  =  (286.2  +  145.7  +  6060.35)cal  mole”1  *  ' 

f  *  y  -i  ► 

=  6492.3  cal  mole”1.  „  -  ► 

e)  Fraction  of  HD  molecules  in  each  of  the  first  four 
rotational  energy  levels  is  estimated  Lusing  the  Boltzmann 
distribution  and '-it  is  given  by^ 


-e  ./kT  tr 

w  .  e  J  ±  \ 

P(e)dE  =  -3—-: -  •  j  =  1,  4 

~J ( J+l) 0_/T 


'  ■  r  s  = 

^  J  ~q?ry  : 

The  following  results  are  tabulated  as 


J  =  0 
J  -  1 
J  =  2 
J  =  3 


T  -  32  °K 
0.948 


0.052  £  + 


96  °K 
0.531 

0.420 

i J 

0.049 


256  °K 
0.230 

0.419 

0.257 

O’.  080 


T(°K) 

H.  , 

*  q(T)’(°K) 

t  < 

32 

1.055 

96 

1.884  * 

<- 

256 

4.345 

' 

1  '  >J  - 

.  ,  ■  5 

'  •  PROBLEM  14-5 


35  t 

For  the  Cl2  molecule,  the  following  data  is  available. 
The  equilibrium  internuclear  distance  =  1.988  *  10”8  cm. 
The  reduced  mass  =  17.4894g  mol”1.  The  fundamental  vibra¬ 
tional  frequency  «  1.6947  x  I013s_1.  Neglecting  the 
electronic  contributions,  calculate  the  a)  molar  heat  ca¬ 
pacity  at  constant  pressure,  b)  enthalpy  functions,  c) 
Gibbs  free  energy  function,  d)  and  the  entropy  of 

3^C10  at  25  °C  and  1  atm. 
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Solution:  ,  The  translational  contributions  to  the  thermo¬ 
dynamic- functions  of  an  ideal  gas  are  as  follows  J'r„. 


Internal  Energy: 


C 

0 

» 

G 

o 

f3  An  Q 

U 

-  kT 

wtrans 

l  T  J 

trans 

3T  J 

=  |r 

V,  N  Z 

.  „o  ...  .  '  1 

where  UQ  is  the  internal  energy  at  standard" conditions,  Q 

is  the  molar  partition  function  and  R  is  the  gas  constant, 
a)  In  the  same  manner,  the  enthalpy  function  and  the  molar 
heat  capacity  are  given  by 


0  0 

O' 


) 


trans 


(cp) 


trans 


"  2*  +  R 


“  §(8.314J  K"1  mol"1)  +  (8.314J  K  1  mol”1) 


:vt 


=  20.78J  K-1  mol  1 


b)  The  Gibbs  free  energy  function  is  given  by 


G°-H° 


trans 


=  ~R  An 

=  -R  An 


‘trans 


N 


V  (27rmkT) 

“3 


3/SI 


Nh' 


where  V  for  an  ideal  gas  is  given  as  V  **  RT/P.  N  is 
Avogadro * s  number  and  h  is  Plank  1 s . constant .  . 


=  -141. 00J  K  1  mol  1 


trans 


The  rotational  contributions  to  the  enthalpy  functions  and 
molar  heat  capacity  are 


o  o 

H  -Hn 

0 

=  kT 

l  T  J 

rot  ^ 

3  An  Q 


trans 


3T 


N 


„  *■ 


(cp) 


o-j  7 

rot 


=  R 


=. 8 . 314 J  K  1  mol"1 


r 
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The  rotational"; contribution  to  the  Gibbs  free  energy'  func¬ 
tion  is  given  by. .  +  >■  -  ■  -  *  w 


'  o  ..o' 

t  \ 

G  -«o 

■  =  -R  An 
rot  +*  ■' 

qrot 

T 

\f  j 

l  N 

8Tr2IkT 


^qrot ..  “5 


;:*x  •:  7. 


t  * 


where  I  is^the  moment  of  inertia  given, by  I  *  yr2.  ■  y  is  \ 

35  -  ,  • 

tne  reduced  mass  of  the  Cl2  molecule  and' r  is  the  equili¬ 
brium  internuclear  distance  which  is  1-988  x  10”8  cm 

I  =  17.4894  g  mol  1  x *(1.988  x  10~8  cm) 2 


=.  6.912  x  io  15  g  cm2  mol  \r 
i  *  ~  \  .  t  l  ‘ 


)  ? 


rot 


=  8lt2[6-912)10~15g  cm^or1]  [i.38x10-23jK~^|[298»k] 

(6.63  x.  1073?  J-S)  .  j 


_  8tt2  (6.912  10  22kq  m2mol  (4.  Ilxl0~21j  ^ 
4.396  10  87  m2  kg  S"2*S2'  ~  Z  - 


=  5.102  x  io26  mol"1 


a- 


*  4 

Therefore  the  Gibbs  free  energy  function  becomes 


g°-hq 


l  V  ,VT?  V  ;  .7-  *  v*  -■  if 

.-1  -,-l 


rot 


=  ~8 .314*  J  k’1  mol”1?'JLn 


^'-i  i'-i 
=  -56.06  J  K  ■  mol  : 


5.102  x  io26  mol 


-1 


(6.02  x  io23  mol”1 


The  vibrational  contribution  to  the  enthalpy  function  is 
given  by  •  -J  ~ ,  >- 


H°-H° 


=  R 


0vib/T  „ 


r 


vib 


f  e“ 

(eyib 


7r 


- 


(1) 


where  Qvib  is  the  characteristic  temperature  of  vibration 
given  by  ,  , 


S  -K  =  — 
Vlb  k 


h  is  Planck's  constant  and  v' is  the  fundamental  vibration- 
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al  frequency,  in  this  case  given  as  1.6947**  1013  sj1 
For  35Cl2  the  value  of 


®vib 
,  T 


*  2.74 


9 


From  equation  (1) , 


-  8. 


vib 


314  J  K~1mol~1j~-^74  .  j 


=  8.314  J  K  1  mol"1 (0.189)  *  ' 

-1  -1  * 

•*  1.573  J  K  A  mol  ^ 

The  vibrational  contribution  to  the' heat  capacity  is  given 
as 

2  °vib/T  '  ’  - 


=  RC6vib<TJ.2.e 


°Vib  =  R 


(- 


“  8-314  J  K_1  mol~1pi&9).8V5‘48>l  ■ 

=  8.314  J  k"1  mol"1 (0 . 554) i 
=  4.606  J  K-1  mol-1 

t  „ 

The  vibrational  contribution  to  the  Gibbs  free  energy  func¬ 
tion  is  given  as 


G  ..  *  R 

vib 


»n(l  -  e‘S^b/T) 


-*)' 


=  8.314  J  K  1  mol-1  Jtn(l  -  e"2*74) 

...  A 

=  8.314  J  K_1  mol-1  l n  (0.935)  ^ * 

t  ► 

=  -0.555  J  K-1  mol-1  - 

The  total  contributions  to  the  thermodynamic  functions  are 
as  follows; 


;p  -  ( 


.o 

'P. 


trans 


(<$)  +  te)  '■ 

1  *  rot  1  J vib 


=  (20.78  +  8.31  +  4 . 60) J  K-1  mol  1 
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A-  rV 


=  !33.66-J  K,J  mol’"1 


ti®..ii®  II®  ti®  4  '  rjO  O 

H  -H0  _  H  -H0  H  -Hq 

T  +  ,  m  ; 

*  trans  ^  rot  1  vib 


G°-H° 


^  ‘  -1'  -1 
(20.78  +  8.31  +  1 . 57) J  K  x  mol  1 


30.66  J  k"1  mol"1  J- 

*  -...I  l  *  ; 


*  l .  ; 


G°-H° 


trans 


G°-Hg 


rot  , 


=°-H° 


(-141.00  +  (-56.06)  -  0.55) J  K_1  molt1 
-191.89  J  k"1  mol"1  ‘  ' 


d)  The  entropy  is  given  in  terms  of  the  thermodynamic 
functions.  Thus  .  '  ' 


s°  -  1  G°-Ho 

It  t 


=  30.66  +  191.89 


=  222.55  J  K”1  mol"1. 


•  PROBLEM  14-6 


Calculate  the  constant-pressure  heat  capacity,  Cp  and  en¬ 
tropy,  S  of  ideal  gaseous  fluoroform,  CHF  ,,  at  25°C  and  1 
atm.  The  following  data  are  available  3 

,  ,  -  o  ... 

C-H  bond  length:  1.096  A 
C-F  bond  length:  1.330A 

Each  of  the, bond  angles  (F-C-F^and  F-c-H)  is  very  close  to 
the  tetrahedral  value  of  109°  28  * .  The  vibrational  wave 

numbers  are  u>1  =  3,035.6  cm"1,  u>2  =  1,209  cm"1, 

w3  =  703*2  cm  1>  w4(2)  *  1,351.5  cm"1,  u>5(2)  =  1,152.4  cm"1 

and  Wg(2)  =  509.4  cm  .  The  last  three  modes  are  doubly 
degenerate. 
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Solution:  Assume  that  the  electronic  contributions  to  en 

tropy  are  negligible  at  the  25 °C.  Therefore  the  general 
partition  function  Q  =  ^t^r^v*  The  ^luoro^orm  molecule 
has  the  structure  shown  in  figure  1. 

ROTATIONAL  CONTRIBUTION: 

The  rotational  contribution  to  heat  capacity  is  given  by 

r  ■ 

C  =  (3/2) R 

rot 

i  -■  ‘  *  . 

where  R  is  the  gas  constant. 

'  % 

C  =  3/2  (1.987  cal  mole”1  “K-1) 

rot  -  '  '  '  '£ 

=  2.980  cal  mole”1  °k”1  .  . 

Find  the  entropy  contribution  by  first  calculating 
the  principal  moments  of  inertia.  To  do  this,  calculate 
the  center  of  mass  of  the  molecule l 

Reducing  the  tetrahedral  structure’  of  the  molecule^as  in 
fig.  2  to  a  linear  molecule  gives 

® - — © - 1 - © 

M=1  Mol  w  t=12  M=19 

:lj.  '  j. 

The  molecule  CHF  is  a  symmetrib  top  and ^therefore  the 
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center  of  mass  is  located  on  the  Z-axis  and  is  given  by 

V  i 


z'cm  =  k  ?  mizi’ 


Here,  M  is  the  molecular  mass  of  CHF3,  m  is  -  the  mass  of 
the  atoms  and  zr  is  the  perpendicular  distance. 

Therefore  from  the  bond  distances  and  angles  \ 

,  1  o  .  ....  ■-  * 

z —  ”  - -  [ (1. 096A)  (1 .008)*  r  (3  x  19.00  x  1.  330  sin  19°28')] 


cm 


70  gm 


To  convert  28 '  to  its  decimal  degree  equivalent  use  the 
relation  28  ft  x  =  .467  degree.  Hence  19°28' 

becomes  19.467°/  »* 

I 

2cm  =  r°*345A 

i  (  — 

Now,  construct' the  principal  axes  x,y,z  parallel  to 
y'f  z ’  and  having  their  origin  at  the  center  of  mass: 
The  principal  moments^  of  inertia  about  the  new  principal 
axes  are  Ix,  ly,  'But  1^  =  1^  because  of  the  symmetry 

of  the  molecule.  See  Fig.  (3).  „ 

Calculate  theimoment  of  inertia  about  the^ z  and  x 
axes; 


f  -  *2  *2 

Zz  *  ?  mi<xi-+  yi>  , 


.  *-2 
t  t  if-  t 


2 


*  J^ll-330  A)  x  10-16  cm2  x  (2  cog2  19*28.  cos2  6Q- 
6.023  x  10^ J  £  2 


+  2  cos2  19°28 ’  cos2  30‘ 


+  cos2  19°  28 1 ) 

r 


149  x  10  40  gm  cm2 


-  *y  ■  [  rai(yi  +  zi>’ 

-  *  v  .  -r  t  *  v  . 


19 


.  A  X 
>  *. 


'1  *.*. 

.  it-’i 


6.023  x  10 


23 


x  10-16  i  [3( .345  -  1.330  sin  19°28’)2 


.  o 


/, 


x  a-  '* 


+  2(1. 330)2  cos2  19°28  *  cos230°] 


12.00 


6.023  x  10 


.  *  10"1tjXj(0.345) 2 
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1.008 


6.023  x  10 


23 


x‘10"16  x  (1.096  +  0.345) 2 


=  82  x  10~40  g  cm2 

* 

Therefore  the  entropy  contribution  per  mole  for  rotation 
is  given  by  *, 

S  =  R  £n  Q  +  CD 
r  rot.  P_ 


■  R  *n  Qrot.  +  (3/2)R 


(1) 


where  Qro^  is  the  rotational  partition  function  given  by 

1/2  "  ■ 


rot 


TT1/2 

TT 

r  2  1 

8tt  I  kT 
X 

1/2 

r  2 

8tt  I  kT 

1/2 

(  2 
SiTI^T 

a 

J 

h2 

l  h  .  J 

h2 

l  h  J 

(2) 


a  is  the  degree  of  freedom,  1^,  1^*  Iz  are  the  principle 

moments  of  inertia  and  h  is  Planck's  constant.  :■ 

For  these  molecules,  a  =  3. 

From  equation  (2) 


_  7T 


1/2 


rot 


8 it 2  (82X1Q**40)  (1.38xl0~j-6)  (298°K) 


6.626  ^  10 


-27  2 
> 


8 tt2  (149xlQ“40)  (1.38xlQ~16)  (298°K)ll/2 


6 . 


626  x  10 


-27 


=  16030.5 
From  equation  (1) 

S  =  1.987  cal  mole"1  °k“1  Jin  16030.5 
rot 

+  3/2(1.987  cal  mole"1  °k“1) 


=  22.2  cal  mole"1  ‘’K-1 


TRANSLATIONAL  CONTRIBUTION:  The  heat  capacity  contribution 
per  mole  is  given  by 

^  \ 

■  *  Cp  =  |r  2  <* 

(t)  1 


*  =  |(1.987*cal  mole"1  °k”1) 

=  4.967  cal  mole"1  0K-1 
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>11. 


1 


Therefore,  the  entropy  contribution  per  mole  is  given  by 


Strans  R  £n  Q 


+  Ik 


But 


T  Q 


trans . 


trans.  2 


„  f2TrmkTl  3/"2v 


where  V  is  the  volume  given  by  „•  ' 

RT 

PN’  '  ' 


V  =  RT 


(3) 


Consequently,  equation.  (3)  becomes 


Strans  R  5,11 


LI 


27rmkT 


3/2 


RT 

PN 


+  !r 


(4) 


=  1.987  in 


r-  »  ^3/2 

2tt  (70)  (il38xl0~16)  (298) 


023x10*'“’)  (6  !626x10"27) 


,23 


(82,05)  (298)  ~ 
l (6.023xl023) 


+  1(1.987) 


=38.6  cal  mole-1  K-1 


Vibrational  contribution  to  heat  capacity: 

as  T/<8>vi-00,Cvr*R  *  *  Fig. 4 


940 


VIBRATIONAL  CONTRIBUTION:  The  entropy  contribution  is 
given  by 


’vi  .  ^ 


r  »  e  ...  (.  ;  ■  -®vi/T)l 

7  S“Vt - T  -  Nk  [in  1  -  e  f  J 

1  \?{e  V1  -  lj 


j)  f 


where  0  is  the  vibrational  characteristic  temperature  given 


7  .  .  —  — - {1}  • 

vib  k  vi 


=  1 . 439w 


w  .  represents  the  vibrational  wave  numbers. 
v  C 

V  S 

Ax:  trans  T  ,  -  vi  T  , 

Graphs  of  — - vs  - —  and  vs  t —  are  plotted 

wvi  yvi 

in  fig.  4  and  fig.  5  respectively  and  the  entropy  contri¬ 
bution  Svt  and  the  specific  contribution  Cv^  can  be>cal-  . 

culated  using  the  wave  numbers..,  |  c  -  ... 


Prom  equation  (5) 


he 

0  •  =  03  . 

vi  k  vi  ~ 


For  the  first  wave  number 


a  < 


®  1.44(3035.6) 


*  4.37  x  10 


941 


•  ’  3  .4 


298 


~  >  ;v 
Similarly 


T 

0v; 


4.37  x  10' 


-1 


*  0.068 
t*)2  =  1,209  cm 

ev  1T44V1209) 


X 


■  f 


T 


=  1740.9 

■■  ►  K*  1 

=  298 

1740.9 

=  O'.  171 
-  0.294 

«  0.154 


X 


V , 


and 


§ — 
V5 


=  0.180 


=  0.407. 


tv 

Now.  using  figs  4  and  5  and  values  of  the  reduced  vibration- 

^  *  m 

al  temperatures  •*-—  #  the  different  values  of  Cn  and  S„. 

-  9vi  pvi  Vl 

the  contributions  to  thermodynamic  properties,  can  be  read 
off  the  graph.  They  are  tabulated  as  follows 


T 

6  . 

VI 

Cvi 

R 

S  . 

VI 

R 

0.068 

0 

0 

0.171 

0.098 

^  0.011 

0.294 

0.50 

0.173 

0.154 

0.135 

0.010 

0.180 

0.251 

0.060 

0.407 

0.130 

1 .114 

0.531 

0.786 

T*^  is  the  reduced  vibrational  temperature.  The  total  heat 
capacity  and  entropy  are:  ‘ 


9^2 


Total  C  «  C  +  C 

rot.  trans. 


{2.980  +  4.967  +  1.114)  cal  mole"1  °K~1 


=  9.06  cal  mole  1  °K  1 


and  Total  S  =  S  +  S  +  S  . 

rot.  trans .  vi 


(22.2  +  38.6  +  0.786)  cal  mole  1  °k"1 


=  61.58  cal  mole  1  °k“1 


•  PROBLEM  14-7 


CC>2  is  a  linear  molecule  with  moment  of  inertia, 

-40  2 

I  =  71.67  *  10  g  cm  ,  and  four  degrees  of  vibrational 
freedom  corresponding  to  wave  numbers  of 

=  2349  cm  1,  v2  =  1320  cm  1  and  “  ^4  “  667  cm  1 
(doubly  degenerate).  Assume  that  C02  is  an  ideal  gas,  cal¬ 
culate  the  heat  capacity  at  constant  volume,  Cv,  per  mole 
of  C02  at  intervals  of  200  °K  from  0  to  1000  °K. 


Solution:  The  heat  capacity  at  constant  volume  is  defined 
as 


'V  wv 


where  U  is  the  internal  energy  given  by 


U  =  NkT4 


fa  Hn  q) 

t  — ^Jv 


N  is  the  Avogadro 1 s  number  and  Q  is  the  molar  vibrational 
partition  function.  But 


Qvib 


"  (l  -  e" 


hcv/kT 


where  h  is  Planck's  constant,  c  is  the  speed  of  light  and 
v  is  the  wave  number.  Let 


then,  equation  (3)  can  be  written  as 


-  (l  -  e“0/T) 


(4) 


or 


ln  °vib  ”  'Jln(1  *  e'e/T)  . 


Equation  1  (2)  'then  becomes 


X  *  i. 


u  = 


Nke 


e9/T  -  1  ‘ 


The  expression  for  the  heat  capacity  in  equation  (1) 
changes  to 


£  ,  % 


Rill  e6/T 


CV  “ 


t  * 


e6/T  -  1 


(5) 


From  equation  (4), 


.  _  (6 . 63*10  34  J  s>  ( 3  x1010  cm  s  X)v 

o  . - r 2T~ TT - 

-  t<l. 38x10  J  K  x)  * 


*  *  =  1.438  cm  °K  v 


,17- 


(6) 


The  heat  capacity  has  contributions  from  the  three  modes  of 
motion  namely  translational,  rotational  and  vibrational 
modes,  neglecting  the  electronic  contributions.  Therefore 
r.  '  J  ■  V  d  ■  .  *  -  J 

CV  ~  CV,trans.  +  CV,rot.  +  CV,  vib. 

1  =  cV,tra„s.  +  CV,rot.  +  Cv<2349  cnf1)^  Cv(1320  cm’1) 


+  2CV(667  cm"1) 


(7) 


The  translational  contributions  to"the  molar  heat  capacity 
is  given  by  equations  (1)  and  (2) 

*  ,  -V  ,  .  t  .  .4  • 


3U 


trans . 


'V, trans. 


3 

?T 


3T  /v 
( 3  Jin  Q 


kT 


t  - 

i  -r 


trans. 


~5t 


3  f3  RT 

?T  2  RT 


-  3r 

"  JR 


=  |(8.314  J  °K_1) 


-1> 


944 


=  12.47  J-K 


-1 


The  rotational  contributions  to  the  molar  heat  capacity  is 
given  by 


'V,rot . 


8  U 


rot. 


8T 


But 


2^3  in  q  t 

U  .  =  NkT  - 

rot .  ^ 


W 


*  N  . 


and 


‘rot. 


_  8trikT 


oh 


U  .  =  RT" 

rot . 


3  inC8TT2Ik/ah2)  |+  9  in  T 

2  5t  J  5t  / 


=  ,RT2  ^ 
T 


=  RT 


a:  . 


and 


'V,rot.  {  9t 


3  (RT) 


> .  i 


=  8.314  J 4 K 


>■  *  * “  jj! 

-1 


The.  four  degrees  of  vibrational  freedom  in  CO^  will 
now  be  used  in  calculating  q^±h  at  intervals  of  200  °K  from 
0  to  1000  °K .  For  wave .number  „■«  2349  cm'1  and  from 
equation  (6) 


6  =  (1.438  cm  °K)  (2349  cm"1) 
=  3380  °K 


i  ^ 


(5)  with  values  of  T  =  0,  200,  400  /  600 ,  -* 
800  and  1000  K,  the  corresponding  values  of  Cy  are  tabu¬ 
lated  as  follows: 


T 

0  I 

200 

400 

600 

800 

1000  y 

C  J'K"1 

V 

0  | 

1.09xlo-4 

0.127 

0.950 

2.235 

Ic 

3.466 

For  wave  number  v2  =  1320  cm-1 


945 


0  =  (1.438  cm  °K)  (1320  cm"1) 
0  =. 1899  ° K 

and  the  corresponding  table  is 


For  wave  number,  v3  =  667  cm"1 


0  =  (1.438  cm  °K) (667  cm"1) 

=  959.7  °K . 

The  corresponding  table  is 

V  t  ’ 

°K  0  200  400  600 _ 800  1000 

C  J » K_1  0  1.604  5.225  6.746  7.384  7.705 

V 

Using  equation  (7)  ' 


at  T  =  200  °K  '  , 

Cv  =  12.47  +  8.314  +  1.09  *  10~4  +  0.0564  +  2(1.604)J  K 
=  24.04  J  K-1  . 

-  r  ‘  At-*  V-  ;400  '#K  T  4 

*  V  «  f"  f  ■  fP  *  '  '  r  '  ‘  ‘  - 

Cv  =  12.47  +  8.314  +  0.127  +,1*653 '+2(5.225)J  K_1 


=  33.07  J  K 
Similarly  at 


Jk  v  *  ,  f 

T‘  =  600  0  K  , 


C„  =39.06  J  K  1 

V .  v  l  *• 

At  T  =  800  °K  , 

C„  =  4  3.09  J  K"1  t"  '  .  V  ‘ 

V  * 

and  at  T  =  1000  °K 

C„  =  45.87  J  K"1  -  *  .  r 

V  ■-> 
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•  PROBLEM  14-8 


Spectroscopic  studies  give  the  moments  of  inertia  of  water 
molecule  as  IA  =  1.022  x  10-40  g  cm2,  Ig  =  1.918  *  10-40  g 
2  -4  q  2 

cm  ,  I  =  2.940  x  10  g  cm  and  the  vibrational  frequen¬ 
cies  as  Vx  =  3657  cm-1,  V2  =  1595  cm-1  and  V3  =  3756  cm-1. 

Calculate  the  entropy  of  water  vapor  at  a  temperature  of 
25  °C  and  a  pressure  of  1  atm,  given  that  the  symmetry  num¬ 
ber  of  the  molecule  is  2  and  assuming  ideal  gas  conditions . 
Discuss  why  the  calorimetric  value  of  entropy 
S 

^  =  22.29  +0.03  is  less  than  the  calculated  value. 


Solution :  The  molar  partition  function  for  an  assembly  of 
independent  indistinguishable  molecules  is  given  by 

qN 

Q  =  a_ 

v  nT 

where  q  is  the  individual  molecular  partition  function 
given  in  terms  of  the  translational,  rotational,  vibration¬ 
al  and  electronic  contributions.  That  is 


q  qtrans.qrot.qvi.qelec. 


Also  Q  =  Q  O  O  o 

wtrans .  rot.  vi.  elec. 

,  The  molar  translational  contribution  to  entropy  is 
given  by 


Strans.  =  Nk  in 


EH  * 1 


where 


(2TrmkT) 


h  is  the  Planck's  constant  and  m  is  mass  of  the  water 
molecule  given  by 


_  _  M 
m  ~  N 


_  18  gm  mole 


6 . 02x10  mole  ' 
—  2.99  x  io  ^  ^  gm 


Since  ideality  is  assumed. 


V  =  5T 
P 
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(8.314  N  m  °K  1  mole"1)  (298  °K) 
101325  N  m-2 


-  /n  n->AA£  100  cm 

=  (0.02445  m  )  - - 

1  m 


=  2.445  *  10^  cm3  mole”1 


From  equation  (2), 


*  6.63  *  10  erg  sec 


(27?  (2.990x10~23  g)  (1.38*10”16  erg  °K-1)  (298  °K)J 

a  „  51  .  r 


=  2.38  X  1<T9  —erg_sec  .  2_38  x  1()-9  _era_sgc 


(g. erg) 


-9  sec 

=  2.38  x  10  =■■■  - 

*  *  s  cm 

g  - 


'1 .  H  *'  f 


=  2.38  x  10  cm. 


From  equation  (1) 


*trans .  _  trans .  _  2.445x10  cm  mole 


n4 _ 3 _ -1 


(6.02X1023  mole”1)  (2.38xl0-y  cm) 


=  14.915  +  I' 


=  17.415 


The  rotational  contribution  to  entropy  is  given  by 

1  •  •  - 

r21  “  *n  Qrot  +  I 


where 


„l/2l  t3  1/2 


rot  0  eA0BeC 


Here  a  is  the  symmetry  number  and  0  is  the  characteristic 
temperature.  For  substance  A, 


a  =  11 

0  a  o 

A  8it  k  I, 


W|Ul 


where  I  is  moment  of  inertia 


Itfl  ^ 

m 


•••  0A  - 


_ (6.63  x  10 _ ergsec) 

r  */1  IOyI  n“16  __  ^ . '  “"l".  .  _ 


v-87r  (1*38x10;v  -  erg  °k“J)  (1 . 022><10“40  g  cm2) 


=  39.4  °K . 
For  substance  B, 


0  =  h  ?t- 
B  .  _  2,  -  ,  - 

8  it  k  l 

B 


•  (jjj  y  *.'■*  5 

■***  “=•  Jj»;  -  --*■  ■-» 

'  u  !jt&  *  -ir 


.  (6.63x10-27  srosec,2  **»'  ^  1 

f  8ir^(1.38xl0;16  erg^K_iJ  (1.9l8xi0-«°  g  cm2, 

^  **  .  »■  -hi.  £  :^£-'V  V  ^  .  ■  *  -  vi 

=  20.99  °K.  -  * 


Similarly , 


f  "  b  r „  *t )  H 


a  -  n 

6c - 5 - 

^  8ttz  k  i 


4  V  .  < 


(6.63  x  10  2^  ergsec) 2 


8tt2(1. 38xio  16  erg  ’iT1)  (2 . 940xl0-40  g  cm2) 

.4  y-  3  . 


-  13.69  °K 

From  equation  (4)  with  a  -  2, 


■.■'it! ,  ;y<  *  • 


=  tt1^2  _  (298  0K)l  V2' 

2  [139.4)  (20.99)  <13.69)J 


=  42.85 

•,  v  r  -  .. 

From  equation  ( 3 ) - “  K  "  P  *  * 


,  ^2t-  tn  42.85.*  | 

:i  >  —  i* 

=  5.258. 

] 

The  vibrational  contribution  to  entropy  is  given  by 

s_vi _■  r  v**  t-‘f,  ' ''  K ■  1 

R  i=l  6i/T  e  J 

e  1  -1  *  '  i.  . 


■  c«'\  - 


nv. 

where  9.  =  r  *  ‘  -'<*#5-  .r  *  *  3' 


^  - 


and  v  is  the  frequency  given^by 


v  ^  =  cV i 


...  vr  w  .. 


where  c.  is  the  speed  of  light  and  Vi  is  the  vibrational 
frequency .  Therefore 

r  -  hcVi  ,  ,  , 

ei - ' 


—  9  7  10  —  1 

(6 . 63*10 _ erg  sec)  (3*10  cm  s  ) 

1.38  x  io“16  ergs  0K_1 

=  1.438  cm  °K Vi  f 


-Vi  £ 


V  =i 3*657  cm”1^  V^  =  1595  cm-1  "and  V3  =  3756  cm' 


0  =  1.438  (3657  cm"1) 


=  5261.7  °K . 


Similarly , 


,  lir®2f“.2294-9 

**'  Q^m  5404.1 


equation  (5) 


3  9 . /T  *  -  *  f  -9./T 

l  H  7i.'  - ..ln{l  -  'e*.1'  J  - 


•  1  V  .  /  A 

1=1  e  1  -1  - 


0,/T 
e  -1 


-  Jin  1  -  e 


■01/T]  °2/T 

+  02/T 

e  -1 


0  3  /t  ■  f 

+  63/T  "‘“l1  “  e 

e  3  -1  *  e 


*  *  ■  •  ....  v  ‘  tl 

5261.7  °K 
298  °K 


1 


=  17.657,/  =r~  = 


■_2  =  2294.9  °K  =  n. 
T  2WQ  ^  7.701 


5404.1  °K  = 
298  °K 


=  4.004  xlo”7  +  3.3937X10”3  +  2.5462xlo"7 


950 


0.004 


Assume  5-le---  :  0 
R 


Therefore 


total  _ 


-  1/R  S 


+  .  C  _L  C 

trans.  rot.  Vi 


=  {17.415  +  5.258  +  0.004) 

j 

=  22.677.  .  .  > 

The  argument  for  the  difference  between  the  calculated 
and  calorimetric  values  of  entropy  is  as  follows. 

Ice  has  oxygen  atoms  tetrahedrally  situated  with  a 
hydrogen  atom  in  between  each  o-0  position  of  the  tetrahe¬ 
dron.  Each  water  molecule  has  two  hydrogens  and  therefore 
two  possible  orientations  with  respect  to  the  rest  of  the 

2N 

crystal.  With  N  molecules,  there  are  2  possible  config¬ 
urations.  However  only  a  few  are  acceptable  with  respect 
to  possible  species.  * 

13  '  +2 

1  way  for  4H  to  be  close  to  O  ==>  (OH4) 

4  ways  for  3H  to  be  close  to  O  =>  (OH3)+  •, 

6  ways  for  2H  to  be  close  to  O  =>  OH,, 

4  ways  for  1H  to  be  close  to  O  =>  OH 

-2 

1  way  for  no  H  to  be  close  to  O  =>  O 

16  total  ways  but  only  six  yield  for  H20  molecule. 

*63' 

Therefore,  fraction  of  ways  acceptable  =  j-g-  =  g-  and  total 

32n  2N 

acceptable  ways  =  — x  2 


“(If 


But  from  Boltzmann's  formula 


S  =  kN  An  n 


S  0  3 

R  =  *n  2 


=  0.41 


Therefore  the  calorimetric  value  with  correction  is 


951 


s 

R 


(22.29  +  0.03)  +  0.41 


=  22.70  +  0.03 


g-  =  22.68 

X\ 


which  is  now  comparable  with  the .calculated  value. 


•  PROBLEM  14-9 


Figure  1  shows  the  potential  energy  curve  for  the  dissocia¬ 
tion  reaction  j  . 

„  •  N^  lg)  -*  ~2N(g)  t  *  ..  ' 

f?  t  -if  1 

N2  and  N  have  degeneracy  numbers  in  the  electronic  ground 

levels  of  one  and  four  respectively.  Calculate  the  equilib¬ 
rium  constant  for  the  dissociation  reaction  at  5000  °K  as¬ 
suming  the  rigid  rotor  and  harmonic. oscillator  approxima- 

2 

tion.  The  ground  state  of  N  is  a  doublet  denoted  by  P2/2fl/2 
with  a  separation  of  3 . 8854 (104) cm 


KP  = 


fa) 

|nJ 


2 

N(g) 


L 


N2(g) 


-Ae0/RT 


J,  '?  t»J  l  *  ^  j 

where  q  is  the  partition  function  given  by 

q  qtrans . xqrot . xqvi . xqelec . 


>  t 


(1) 


From  equation  (1) 

[q. 


trans 


N 


N  (g) 


‘trans 


N 


N2  (g) 


Hqrot  .x  qvi  .x  qeleo .  xe 


“AeQ/RT 


[2”"W'T) 

3/2  ~i 
7  RT 

2  _  _  ,  • 
t  !  >: 

1  *  ..  L  T  4  .  #  ■ 

Nh3P 

f  .2  1 

h  a  | 

f  -8  ./T) 

-  -  l  e  V1 

1  '  -  JN-(g) 

N,(g>  2 

'(2,,mN2kT 

j  3/2  - 

L8Tr2lkTj 

Nh3P 


^  &*■'  Afpr.  $  Lf  ,•  +X  j|*,  ~  i 

-&tn/ RT  ii 


X  (qelecj  N(g)X® 


(2) 


where 


0 


_  hcv 


vi 


here  c  is  the  speed  of  light  and  v  is  the  vibration  fre¬ 
quency.  a  is  the  symmetry  number  and  N  is  the  Avogadro's 
number . 

From  equation  (2) 


[  UirmkT)  3/2RT/Nh3P]2 (g) 


tranS  [2irmkT>  3/2RT/Nh3P] 


""Nig,  -in 


N2(g) 
-1 


__  _  14  g  mole  ~  > 

2  J" N2  (g)  6.02x1023  mole'"1 


=  2.33  10  23  ^g 


(3) 


‘trans 


=  8.393  x  10' 


953 


(4) 


87T2IkT 


N2<g) 


where  I  =  moment  of  inertia  given  by 


'  I  =  y’r 

e 

*  H-  I  '■ 

f  jV*  ^  £ 

where  y  is  the  reduced  mass  and  r  is  the  internuclear  dis¬ 
tance 


m.  m  .  a 

I  =  — -  -  r 

ml  +  m2  e 


\  2  r  .  ; 


14.008_g  mole' 


6.023x10  3  mole  XJ  x  (x.ogsxio"8  cm) 2 
28.016  g  mole”  1  . 


6.023X1023  mole"1 


.  t  *  „  -  =  J 

:  -39  ?  2  -  - 

v  =  1.4  02  -x  10  ^  g  cm 

C-  .  <  *  -  *  -**,  ; 

Substitution  of  these  values  into  equation  (4)  gives 


w  =  1*150  x'10 


-3  •  * 


-  [,  -6vi/T| 

i  '>1  e  Jn. 


t  ®vi  '  hv  ^ n  ^ 

-pt,  ---.“T"  *  -  ***"  'I  *  •  * 


- AeQ/RT 


_  hcv 
kT 

=  6.7915  x  xo" 

-f* 

1„i.“  -4923 


,  *•  * 


rv  k  v  ,■  ,  * , 


is  computed  as  follows: 


r  v  -  .1  Q  T 

„  „  1.6  02(10 

23*  molec  „  eV 


Ae0  -  9-751  S5 Se  x  6-023(10^)-.5g^  Vra8T-j/cal 


-  225,023  cal/mole 


22.650 


Ae0  _  225023  cal/mole 
RT  1.987  cal/°K  mole  x  5000  °K 

-AEq/RT 

e  1.457  x  10 


^elec  is  calculated  as  follows: 


-Eg/kT  -e./kT  -c-/kT 

^elec  =  ^0e  +  ^le  +  *2e  +  * 

where  g^  is  the  electronic  degeneracy  and  is  the  elec¬ 
tronic  energy  of  level  j  taken  relative  to  the  ground  level, 
The  ground  state  of  N  is  a  doublet  (2p3/2  \/2*  separated 

by  7603  cm  Thus,  the  first  term  has  a  degeneracy  of  4 
while  the  second  term  has  a  degeneracy  of  2.  Hence 


‘elec 


-  (eQ/hc)  (hc/kT)  -  (e1/hc)  (hc/kT) 

=  4e  +  2e  .  Given  that 

-1 


the  ground  state  has  a  separation  of  7603  cm  ,  =  0, 

while  E^/hc  -  7603  cm  Therefore 


‘elec 


=  4eu  +  2e 


-(3.8854{104)cm“1) (hc/kT) 


Now 


he  _  (6.63xl0~27)  erg  sec  *  (3xlQ10)cm  sec"1 
kT  (1. 38xl0”16)erg  K “1  x  5000  °K 

=  2.882 (10-4)cm 


‘elec 


=  4  +  2.74  x  io“5  2  4 


From  equation  (2) 


o  —10 

Kp  =  (8.393x10°)  (1.150x10  J) x  (0 . 4923) xl6x (1 .457x10  x  ) 
=  1.108  x  IQ"3  atm. 


•  PROBLEM  14-10 

For  the  dissociation  reaction 

ci~<g)  r  2ci(g) 

2 

at  1200  °K,  calculate  the  equilibrium  constant  Kp  by 
statistical  thermodynamics.  The  equilibrium  internuclear 
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distance  is  0.199  ran,  the  fundamental  vibration  frequency 
of  Cl2  is  at  v  x  565  cm'1,  and  the'  energy  of  dissociation 
of  Cl2  is  2.48  eV. 


Solution:  The  equilibrium  constant  Kp  of  a  chemical  reac¬ 

tion  can  be  calculated  from  the  partition  functions,  Q  of 
the  reactants  and  products  by  using  the  relation 

AG®  =  T-RT  Jin  K_  .  •!.**■  (1) 

, Using  the  expression ,  for,.  Helmholtz ,  free  energy,  partition 
functions  and  Stirling  formula  equation  (1)  becomes 

►  ..  .  *  :  tvs  ■■■  .  r.  ■  w  ^ y 

AG®  =  -RT  Jln(Q°/L)  (2) 

*  •  J4,  .&?*■'  1  ...  ’  «  t~>-  ■*«*»■*■■  •  ’  ***  •' 

where  L  -  the  Avogadro's  number  and  Q°  =  the  partition 
function  of:  an' ideal  gas  in  the  standard  state,  and  is 
given  by  k  ^  ^  "  ' 

r»  •  •  \'3/2  *  '  "  '  ’  * 

'■  <  ?'V.f  ?QOfc  «  Qint  i.?— —  (RT)  T"  (3) 

K$  *  .  .  ~  j  f 

Here,  Q^nt  indicates  the  product  of  the  rotational, 

vibrational  and  electronic  contributions  to  Q®, 

For  the  general  reaction' . 

V  i  *-\  ''  r  •  ■  ‘  ♦-  -  /;  *  ■  -  » 

*  * 

aA  +  bB  -*■  cC  +  dD, 


Equation  (2)  gives 


(QVL)C{Q^/L)d 

Ag«>  =  -RT  Jin — - - - - r-exp  (-Ac  /kT)  '  .1)’  i 

(Q°/L)a(Q°/L)D 

O  *  *  +r 

where  exp  (-Ae^/IcT)  =  the  dissociation  energy  term. 
The  equilibrium  constant  expression  is  then 


K  >l"'(QC/L)C<QD/L>d 

P  (Q*/L)a(QO/h)b 


;  I  \  ;>.t  i  f.  f 

j-exp  (-Ae°0/kT) 


U  .  '  ■  i 


write  the  Kp  expression  for  the  dissociation  re¬ 


action  _C12  £  2C1  as 


v  -  rQ°(ci)]- 

KP  TQr(Cl2))LexP(- 


AeQ/kT) 


From  Equation  (3)  .5  -■  4 

*•*4. ... .  ?•*:  **  ;t  «*■  **■£&.  .  y****- 


95  6 


KP  = 


But , 


2nkT\  3/"2  mci  (rt 


mCl  ^ 
2 

mci  =  §Vu 


3/2  lPL J QrotQvibQelectronic 


f 


-1 


_  35.5  g  mole  .  , 

“  — ~  ^3 - :_a'  h  4.f!  - 

6.02x10  mole 


=  5.89  x  10  23  g 
1  ‘J 

-1 


R  =  82.06  cc  atm  K 

Take  note  of  the  units  of  R.  J*  ;*:- 
Thus  the  translational  partition  function 


'trans 


'2vrkT  |3//2  mCl  RT  -  '  s'  1 

772  PL  t  ,,  ,  ! 


m 


Cl 


"V- 


; 


1  3/2 


2tt  (i.38*10~16  erg  K  3)  (1200°K) 

[_  (6.63x10  2^  erg  sec) 

3 

(5 . 89x 10~2 3)  (82.06  "cc  atm  K-1  mole-1)  (1200oK) 

-23^772  -  i  2  3  -1 

89  10  ))  (1  atm)6.02x10  mole  + 


(2(5. 


=  9.298  x  10 


trans 

The  rotational  partition  function,  • 


rot . 


8ir2IkT  i  1 

,2 

ah 


.  *  v 

where  h  =  the  Planck's  constnat,  a  is  the  symmetry  number 
~  2  for  a  homonuclear  molecule.  I  is  the  moment  of  in- 
ertia  given  by  :  a- 


I  =  pr‘ 


mlm2  r2 
ml+m2 


...  **  '  "  X 


Observe  that  the  molecule  is  homonuclear. 

‘  ^  T  S 

r  _ t,  o  *'  “ 

I  =  !L-r2  '  -  *'  ' 

*  *  x  2m 


_  L  2  , 
2^Clr 


"V  *  i 
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r  is  the  interatomic  distance 


I  =  116.5  *  10~40  g  cm2 


Consequently, 


=  8rc2  (116 . 5*10~40  g  cm2) (1.38*10~16  erg  k"1)  (1200°K) 


rot*  2(6.63  *  10-27erg  s)2 

=  1732.7. 

The  vibrational  partition  function, 


f  -hcv  AT 
Q..<w  =  1  -  e  ,  J? 


where  c  =  the  speed  of  light  and  vQ  is  the  fundamental 
vibrational  frequency.  The  term 

hcvQ  (6. 63xlO'34J  s)  (3xloSn  s-1)  (565  crtT1)  (10~.  c”h 
_ !±  = _ • _ ___ _  '  '  1  m  ; 

kT  (1.38  x  10“23J  K”1)  (1200  °K) 


=  .67861. 


(l  .  e-.67861 


°r  Qvib  =  2'030- 


The  electronic  partition  function 


^elect. 


=  4  +  g(e 


-e/kT 


where  g  =  the  statistical  weight  of  the  degenerate  level 
and  is  equal  to  the  number  of  superimposed  levels.  The 
ground. state  of  Cl2  is  singly  degenerate  and  the  ground 

state  of  Cl  is  a  doublet  (2p3/2#i/2) '  separated  by  881  cm'1 

*  *  Qelect.*C1)  =  4  +  2  exp(-eAT) 
e/kT  -  (e/hc)  (hc/kT) 


=  6.63xip~27  erq  Secx3xlQ10  Cm/sec  ,  „  -3 

kT  i‘ioio*,'16  m  1.20x10  cm 

1.38xio  erg/°Kxi200°K 


e/kT  =  881  cm-1  x  1.20  x  10-3 


cm  =  1.056 
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•••  Qelect(C1>  ■  4  +  2e 


-1.056 


=  4.696 


Qeleot.(C1)  "  22‘05 
The  dissociation  energy  term 

Aeg  (2,48  eV)  j^1-6^10  1.--  !?.| 
kT  (1 .  38x10~23  J0K_1) (1200  °K) 
=  23.90 


e'23*90  =  4.17  x  io-11 


From  (4) 


K  =  - ^trans • lec . ^  Cl 
P  (^trans .^rot .Qvib. ) 


2xp(-Aeg/kT  ) 


9.298x107x22.05x4.17x10"’11 

1,732.7x2.032 


Kp  =  2.43  x  10' 


•  PROBLEM  14-11 


What  is  the  superposition  approximation?  Give  a  phys¬ 
ical  and  a  mathematical  description.  In  what  context  is  it 
used?,  and  when  does  it  fail? 


Solution :  The  superposition  principle  can  be  written  as 

g3(r)  =  9<r12)g(r23)g(r13) 

where  g3(r)  is  a  three  particle  distribution  function  and 
by  definition 


g3(r)  =  “3* 

J  P 

f  is  proportional  to  the  probability  of  particles  located 

at  positions  dr^,  dr2,  3  * 

The  superposition  approximation  indicates  that  the 
three-body  problem  is  related  to  the  three  separate  two- 
body  (g2)  radial  distribution  function  by  a  simple  product, 

The  approximation  is  used  in  connection  with  the  Yvon, 

Born  and  Green  (YBG)  equation. 
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3g(r19)  3<t>(r12) 

__i2_  +  g(ri2,__i2_  +  p 


3  0  (r13> 


.  09  ^ 

■  ~**i 


l3  (r)dr3  =  0, 


to  determine  the  equation  of  state  of  fluids.  This  approx¬ 
imation  fails  at  high  densities. 

•  PROBLEM  14-12 


Every  unit  area  of  a  dilute  monomolecular  film  on  the  sur¬ 
face  of  a  liquid  contains  N  identical  molecules  each  of 
mass  m.  Answer  the  questions  below,  expressing  them  in 
terms  of  mass  m,  number  of  molecules  N,  T,  and  universal 
constants;  assume  that  each  molecule  moves  independently  of 
one  another  and  of  the  solvent  molecules.  a)  Determine 
the  two-dimensional  speed  distribution  function  f(v)  for 
these  molecules,  normalized  so  that 


f  (v  )  dv  =  1 


—  2  3 

b)  Calculate  the  average  velocities  v,  v  ,  v  .  c)  A  line 
segment  is  placed  on  the  edge  of  the  surface  layer.  Calcu¬ 
late  the  number  of  collisions,  per  unit  length  per  unit 
time,  with  the  line,  d)  Calculate  the  average  kinetic 
energy  of  those  molecules  escaping  through  a  small  gap  in 
the  partition. 


Solution :  a)  The  two  dimensional  speed  distribution  func¬ 
tion  is  given  by 


f(v)  =fce“mv  /2kT 


where  m  is  the  mass  of  the  molecules,  v  is  the  speed  and 
k  is  the  Boltzmann  constant.  The  constant  C  is  determined 
by  the  normalization  condition. 


f (v) dv  =  1 


since  the  possible  values  of  v  run  from  0  to  °°.  A  distri¬ 
bution  function  obeying  equation  (2)  is  said  to  be  normal¬ 
ized.  Substituting  equation  (1)  into  equation  (2)  yields 


2/2kT 


vdv  =  1 


-mv  /2kT 


vdv  =  1 
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The  integration  is  performed  as  follows:  Let  x  =  v2, 
then  dx  =  2vdv  and  idx  =  vdvV  Also  let  a  =  There¬ 

fore,  the  equation  becomes 


?c  I 


-ax,  , 
e  dx  =  1 . 


It  is  now  in  a  familiar  standard  form  and  easily  integrated 


to  yield  z{-  |Je 
equation  becomes 


—aX  _  m 

=  1.  After  replacing  a  by  the  1 
n  zk.1 


kT  -mv2/2kT|“  _* *  -  f 

""m  _  i 


-d^-(0)  +  * 

m 


m 


'  \  .  i 

From  equation  (1) ,  the  normalized  two  dimensional  speed 
distribution  function  becomes 

...  m  -mv2/2kT  '  \ 

f(v)  =  ee  vdv  s  \ 

b)  (i>  The  mean  speed  V  is  given  by 

...  .  ,  6  '  r  .  r  ji 

00  , 

4  f  5,1 

>  ,vV  =  C  vf  (v)dv  4  \  Jl-  ■ 

0  - '  ' 

;  i 

{(e-v2/2kT)v2dv,  .  -  -  =  • 


=  JL  *^if2kr] 

kT  4  [  m  J 

*  (  =  f7rkT)1/2 

J  [*  2mJ 


(ii)  v2  =  C  v2f(v)dv  :  „4 
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(iii)  v3  =  C  f 

'+r  *  J 

0 


v3f  (v)dv4 


c)  Pig.  1  shows  a  line  segment  A B  which  contains  molecules. 
The  molecules  have  speeds  between  v  and  v  +  dv  and  a  veloc* 
ity  vector  between  angles  9  and  8,+  d9.  They  collide  if 
they  are  in  the  area  ABCD. 


AD  -  v. 

% 

This  area  is  given  by  v  ,  *  > 

’  -  t  -  4 

(AB) (AD) sin  9  ~ 

and  since  there  is  a  unit  line  segment  the  area  becomes 

v  s in  0 . 

<  • 

As  a  result,  the  number  of  molecules  in  this  area  is 
Nv  sin  0.  The  number  of  molecules  in  the  range  v,  v  +  dv 
and  9 ,  0  +  d0  is  given  by 


2 

Q.  m_-mv  /2kT  ,  d8 
Nv  sxn  '  vdv 
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Nm  sin  6  d0  e“mv  ^2,CT  v2 


v  dv 


Equation  (3)  gives  the  number  of  collisions  in  the  given  v 
and  0  range.  To  obtain  the  total  number  of  collisions  Z  , 
integrate  equation  (3)  as  follows:  j 


_  Nm  f  .  Q  f  -mvz/2kT  2. 

2  2iFr  J  sin  e  ae  j  e  V  dv 


d)  The  number  of  molecules  colliding  with  the  gap  is  equal 
to  the  number  of  molecules  escaping,  since  any  molecule 
striking  the  gap  will  escape.  Therefore  the  average  kinet- 
ic  energy  of  the  escaping  molecules  e,  is  equal  to  the 
total  kinetic  energy  E,  divided  by  the  number  of  molecules 
colliding  with  the  gap.  That  is,  : 

:-r  .  '  '  •  .  } 

12 

But  E  =  ^v  Z  ,  - 


-  -  j  9  ae  j 


-mv^/2kT  2 


v  dv  «' 


j  sin  e  ae  {  a-®v2/»  v4  dv 


3N  f  kT 


From  equation  (4) 


3N  fkr] 

-  -  2iLlL_ 

f  kT_|l/2 

N  [_2nmJ 
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•  probum  14-13 


A  set  of  ideal  gas  molecules,  each  of  mass  m,  are  restricted 
to  two  dimensions.  The  distribution  law^  for  each  component 
of  velocity  is  given  by  f  , 


(-mvV2kT) 

-  A  e  dv 


total 


a)  Show  that  the  distribution  law  with  respect  to  speed  v, 
is  given  by 


.  .2  -mv  /2kT  - 
=  2ttA  e  vdv 


total 


and  evaluate  the  constant  A.5  * 

b)  Determine  the  average  speed  v  of  the  molecules,  in 
terms  of  mass  m  of  the  molecules,  temperature  T,  and  uni¬ 
versal'  constants.  =  ,  •  - 


Solution :  a)  These  molecules  are  confined  to  two  dimen¬ 

sions,  thus  the  probability  of  locating  a  molecule  with 
velocity,  vx  in  the  x -direction,  isjjiven  by 


-mv  /2kT 

=  A  e  x  dv 


total 


Likewise  for ’.molecules  with  velocity,  ,  v^  in  the  y-direction, 


-mv“/2kT 


=  A  e 


total 


Now  the  probability  of  simultaneously  finding  a  molecule 

with  velocity  v  ,  between  v  and  v  +  dv  and  with  velo- 
x  xxx 

city  Vy,  between  v^  and  +  dv^  is  the  product  of  the 
separate  probabilities.  Therefore, 


v  v 
X  y  = 

* total 


total 


total 


-(* 


-mvV2kT 
e  dv. 


-mv  /2kT 


=  A  exp 


fv2  +  v2f 

L~m["'2kT  jJdVx 
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=  A2  e~mv/2kT 


v  dv  d0 


Equation  (3)  is  written  in  polar  coordinates  in  velocity 

space,  where  6  is  the  angle  such  that  tan  6  =  and  v2  replaces 

2  2  vx 
vx  +  Vy *  The  distribution  law  with  respect  to  speed  v 

(that  is,  the  number  of  molecules  with  speeds  between  v 
and  v  +  dv)  is  obtained  by  integrating  equation  (3)  at 
all  angles  0.  Therefore, 


dN  r 

■ir-J 


,2  -mv*/2  kT 
A  e  v  dv  d0 


_  .2  -mv2/2  kT  _ 

-  A  e  v  dv  d0 

*.  ,  J 


r>Tr&2  -mv/2  kT 
=  2ttA  e  v  dv 

r**  ’  " 

The  constant  A  is  determined  by  using  the  normalization 
condition  given  by 


f  f 
J  N 


total 


2^6 


2  -mv  /2  kT 


vdv  =  1 


or  2t\K* 


-mv  /2kT  .  , 

e  vdv  =  1 


Y‘  (5) 


Let 

u  =  - 

mv 

2kT 

.  V  ^ 

“ 

Then, 

dU  =  - 

7TS2v  dv 

| 

=  - 

m  , 

kf v  dv 

i;: 

Eqn  ( 5 ) 

becomes 

" 

- 

; 

00 

\ . 

^  ^  , 

- 

- 

¥>-*2 1 

e°  dU  =  1 

i 
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kT0  2  U 
f-v — 2ttA  e 

V T-  m 


\'V-  *  (6) 


Substituting  0.  -  -  back ‘into , equation  (6)  yields 


-  Sl2^e‘mv2/2kT  . 

‘m  *;  :  1  o ..  ..  t 


-  JsXo  +  JsS^ttA2  _  x 
m  m 


.2  3s£  =  i 


A2  = 

A  STkT 


-  .ft  .  /•.> 

Alternatively,  to  solve  for  A2,  each  of  the  separate  integrals 
could  be  solved  for  A  and  this  answer  squared.  Eqn.  (4) 
then  becomes 

dN„  M  r  m  _,mr2/2kT  .  ' 


dNv  *  »  f  m  )  -mv  /  2kT 

— "  2,1  e  4.  v  dv 
w total  J  •’  •••  •*  v 


=  —  e-mv  /2kT  v  dv 
kT 

b)  The  average  speed  v  is  given  by 


-  f  dNv 
v  =  v  N— 


total 


m  f  e-mv  /2kT  y2  dv 


-  £  {  v  e-">v2/2kT  v  dv 
0 

,  JL  "f  x  e-mx2/2kT  x  dx 

kT  J 


Integrate  by  parts  using 


udv  =  uv  -  vdu 


-  «  z  ■ 


From  equation  (7)  , 
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Let.  U'  =  x  and  dv  =  e-in*  ^2kT  x 


dx.<  V 
t  t 


dU  -  dx  and  v  =  -  2kT^~mx  /2kT 

2m 

,  irli  y  f 

Using  equation  (8),  equation  (7)  becomes 


V  = 

kT  l 

L-mx2/2kT 

OO 

.  + 

oo 

! 

m j 

r  v  r 

kT  -J 

\ 

J 

0 

:  o 

* 

-!•  > 

i  -mx2/2kT 

00 

+ 

m  AkT 

KT  ^ 

ny 

r*' 

0 

kT  m 

W  v  '  « 

00 

*  ■  **  x-\&. 

II 

o 

+ 

* 

e 

-  mx  / 2kT  dx 

„  -V 

m 


dx 


e-mx-  /2kT  dx 


m 

2kT 


m 


2kT 

/? 


/4  m 
V  2kr 


2kT 

/if 

/2m 

kT 


in  polar  coordinates. 


\  .a  - 


lift  - 


firkT" 

l  2mJ 


1/2 


•  PROBLEM  14-14 


In  one  of  the  experiments  on  gravitational  sedimentation 
equilibrium,  the  number  of  gamboge  particles  in  water  at 
20°C  were  monitored.  (Gamboge  is  a  yellow  pigment  not 
soluble  in  water.)  The  following  data  was  obtained: 

-it  : 

Height  in  ym:  0  25  50  75  100 

Mean  no .  of  particles :  203  166  136  112  91 

Assuming  that  the  gamboge  particles  had  a  mean  volume  equal 

—  21  3  3 

to  9.78  *  10  m  and  a  density  equal  to  1351  kg/m  , 

calculate  the  Boltzmann  constant.  '  ' "i 
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Solution:  Gravitational  sedimentation  implies  that  the 

downward  velocity,  VQ  due  to  gravitational  forces  alone 

equals  the  upward  velocity  VD  due  to  diffusion  alone. 

^1 

Let  component  1  -  water 

and  component  2j=  particle toi v; .  r.5  _  t 


The  gravitational  downward  force  =  m2g 

j  i  -  «■ 

dif  fusional  upward  force  ^  p“\plg* 

si  2  ^  4.' 

due  to  gravity  and  p  is  the  density, 
is  that  due  to  Stoke* s  law,  given  by 


’  f  = 


6irpaV 

V 


* 


.  The  bouyant 

1  '  V 

g  is  the  acceleration 
|: 

Another  upward  force 


where  a  is  the  radius  and  p  is  the  coefficient  of  viscosity 
of  the  medium.  ? 

At  equilibrium,  the  forces  balance  •  '  ‘  '  *  f 


and  AF  =  0 


-m0g 


-  6iTyaV^ 


or  VG 


m2g(l  - 
6Trya 


m2g* 

e^pa 


~\  f 
\  * 


(1) 


where  g*=g(l  -  p1/p2).  ^ 

Determination  of  V^: 

The  rate  of  diffusion  is  the  upward  z-direction  is  given  by 


=  cvD  = 


dC 
12  dZ 


ft 

(2) 


where  C  is  the  concentration  and  D  is  the  diffusion  coef¬ 
ficient  given  by 

*  %  £)  =  -XT  t 

*^12  67Tpa 

:  *  :  ;:r  *3.  "  ■»  :•  .  '  J  !  ~  • 

Therefore.,  VD=.-g^.«_:.  ,  (3) 

v  •  ....  .■  ->  ■  .»  1  1  itx-r  i  '  f  .  »  4 

At  equilibrium  V_  =  V_  and  equation  (3)  becomes 

4  J.  -V  •'*  ^  pr.1  &  ,  -\ 


dC  __  m2g  ,  ,,  ...  . 

C  kT  dZ  •  >-  *  •  *i 

.  *  J .  t  '  *  *  .J  •«  £  t  i  h.  ’  1 . 

Integration  yields  .. «  w  ..  * ! 


«•;  •  >  «<r 

•  _  j  .•  |JV 
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Jin  C  = 


-m2g’z  +  0 


From  which 


C  =  Cn  exp 


m2g '  z 
_7  kT 


where  C  =  CQ  at  Z  =  0. 


Equation  (4)  is  the  familiar  Boltzmann’s  equation  and 
it  indicates  that  the  equilibrium  distribution  of  the  par- 

5iCl6u  °^eys  equation.  The  Boltzmann's  constant  can 

then  be  determined  from  the  equation.  To  do  this,  plot 

n  C  vs  h,  where  h  is  the  height  in  the  z-direction.  From 
equation  (4) 


£n  C  =  £n  CQ  - 


m2g»h 


By  using  a  linear  regression  calculation,  or  by  graphically 
plotting  the  data,  the  slope  can  be  found.  Using  linear 
regression  calculation  the  formula  for  the  slope  is  given 
by : 


Slope  = 


Lxiy  ~  nix y 
<£x)2  -  njx2 


The  letter  n  refers  to  the  number  of  data  item  which  in 
this  case  equals  5.  Since  the  plot  involves  £n  C  versus  h, 
the  x  in  the  above  equation  will  the  h  and  the  y  the  In  C 
term.  The  following  table  represents  our  data. 


h (ym)  |  0 


C(mean  number  of  particles)  203 


I  25  I  50  I  75  I  100  I 


*n  C  |5.313  |  5.112  I  4.913  I  4.718  I  4.511 

lx  =  0+25+50+75+100  =  250  um,(£x)2  -  62500  (y m) 2,  £y  =  24.567, 
lx  y  =  x1y1+x2y2+x3y3+x4y4">’x5y5  =  0+127.8+245.65+353.85+451.1 

=  117 . 84um 

lx2  «  x2+x2+x2+x2+x2  =  0+625+2500+5625+10,000  =  18750 (ym) 2 

Slope  =  ((250) (24.567),  -  5(1178. 4))ym  =  _7 , 99 (10-3j  _1_ 

(62500  -  5(18750) ) (ym)2  ym 


Slope  = 


-m2g’ 


=  -7.99  x  10  3  -4- 
ym 


(7.99  x  icr3)-Lr 
ym 
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m2  “  V2P2 


=  (9.78  x  10“21  m3)  (1351kg  m'3) 
=  1.321  X  10"17  kg  i*  />  H 


g.  =  g  1  -  _ 


=  9.78 


998.2 

1351 


.230] 

51. 


**  2.55  m  sec 


Using  these  values  in  equation, (5)  yields 

v  ***  (1^321xl0~17  kg)  (2-55  fnTs“2)  ; 
k  =.  z - t — - - * g  ' 

-  +  (7'.99*10”3  ym)  (293  °K) 

=  1.44  x  10“23  J/°K 


or  k  =  1.44  x  10  :  ergs  /°K  ,  * j 

ji  JL  t  n-  ,  W  ^ 


•  PROBLEM  14-15 


Molecules  of  a  gas  are  "’crossing  a  given  plane  of  unit  area 
*in  unit  time.  Show  that  the  average  total  kinetic  energy 
of  the  molecules  is  :2kTT  "  ' * 


Solution :  Let  the  number  of  particles  in  the  gas  be  N,  and 

their  velocity  be  v.  Also,  let  the  number  of  molecules 
.with  velocities  between,  v  and  V  +  >dv  be  dN.  The  number  of 
'particles  emerging  across  the  plane  is  dN'  and  is  propor¬ 
tional  to  dN.  The  emitted .beam  has  a . mean  square  velocity 

of  v'  and  is  given  by  “  ' 

r  I  v2dN 1 

7  >  t  ■  -  .  „|2  _  L _  _  I*  .  1  .n 


(  K..T 


.r«  I 

_  *  —  *9  .  .  *****  <+■ 


1  *  t  - 


f  vdN^i" 
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Of  particular  interest  are  the  fraction  of  the  molecules 
having  a  speed  in  the  range  v  to  v  +  dv,  independent  of 
the  direction.  If  the  origins  of ,  the  velocity  vectors  of 
all  the  molecules  in  a  sample  of  the  gas  are  brought  to 
the  origin  of  a  coordinate  system,  molecules  having  speed 
•vectors  ending  in  a  spherical  shell  of  radius  v  around  the 
origin  with  thickness  dv  are  wanted.  The  volume  of  this 

shell  is  4 ttv  dv ,  and  thus  the  fraction  of  the  molecules 
with  velocities  v  in  the  range  v  to  v  +  dv  is  given  by 

£<v>^  =  (^]V2  e-2/2*T  m’dv  " 


which  is  the  Maxwell  equation.  Substituting  the  Maxwell 
equation  into  equation  (1)  gives 


Kinetic  energy  is  given  by 

i  » 


^  =  2kT  . 


971 


INDEX 


r 

'  i  u*  ■c 

Numbers  on  this  page  refer  t(T PROBLEM  NUMBERS,  not  page  numbers 

5  1  f 


Absorptivity,  13-33 
Activity,  11-56 

Adiabatic  compressibility,  6-25 
Adiabatic  flame  temperature, 
11-21  to  11-23 

Adiabatic  humidifying,  10-31 
Adiabatic  process,  4-9,  4-26 
to  4-30,  4-36,  4-37,  4-39, 
7-3,  7-7,  7-11,  7-21,  9-23, 

10- 29 

Adiabatic  system,  3-16,  3-17, 
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■  *'  ir 

-  ’  ■  ••  ’  t 
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effective,  13-30 

Energy:  ,  * 

absorption,  11-29  * 
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7-20,  7-31 . *  ■  <  <  ■  ' 

unavailable,  5-20  to  5-23, 
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Exothermic  reaction,  11-18 
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systems,  3-46,  3-47,  3-50, 
3-51,  3-53,  3-54 
Flame  temperature,  11-19 
Forced  convective  heat 

transfer  coefficient,  13-25 
Free  energy  of  formation, 

II- 43,  11-54,  11-55 
Friction  factor  ,13-23 
Fugacity,  7-28,  7-30,  7-31 
Fusion  reaction  ,11-45 

■'-V  ■* 
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Galerkin  method,  13-4 
Gas  constant,  1-10,  1-14 
Gas  mining':  , 

probability,  11-36 
Gauge  pressure,  1-1,  1-15 
Generalized  compressibility 
factor  chart,  7-13,  7-16, 
7-22,  10-4 

Generalized  enthalpy 

correction  chart ,  7- 18 , 

7-20,  7-24 

Generalized  entropy  correction 
chart,  7-24,  7-25 
Gibbs-Dalton  law,  10-22 
Gibbs  free  energy,  11-40 
Gibbs  functions,  6-2,  6-3, 
7-31,  11-40 

Grashoff  number,  13-14, 

13-16,  13-18 

Grey  body  radiation,  13-27  *  ! 


Heat,  4-3,  4-7,  4-13,  4-23 
balance  equation,  11-8, 
13-22 

capacity,  6-19,  6-20,  ? 

10- 10,  10-23,  11-18,  11-19, 

11- 25,  11-30  to  11-32, 
11-39,  11-62,  11-65 
engine,  4-7,  4-24,  4-25 
flow,  13-1,  13-3,  13-5 
loss,  4-8 

of  combustion,  11-19, 

11-22 

of  dilution,  11-14 
of  formation, .  11-10,  11-12, 
11-13,  11-18,  11-19,  11-27, 
11-32  ’ 

of  reaction,  11-10,  11-12, 
11-25,  11-27,  11-64 
of  solution,  11-14 
of  sublimation,  11-13 
of  vaporization,  11-15, 
11-32 

work,  3-15 


Heat  transfer,  4-3,  4-35 
adiabatic,  10-28 
iu-  at  constant  pressure,  3-3, 
3-7,  3-10,  3-21  !• 

at  constant  volume,  3-2, 
3-5,  3-9 

coefficient,  13-21 
for  isolated  systems,  11-29 
Y  laminar  boundary  layer, 
13-20 

rate,  13-7 

Hess  law,  11-27,  11-39 
Histogram  distribution,  14-1 
Hooke’s  equation  of  state,  - 
6-41  '  * 

Humidity: 

ratio,  10-15,  10- 21^  10-29, 
10-33  ’  i| 

relative,  10-15,  10-16, 
10-22,  10-24  to  10-30, 

10-32  to  10-34 
specific,  10-14,  10^16,, 
10-22,  10-24  to  10-26, 
10-28,  10-29,  10-31,  10-32 
..Hydraulic  diameter,  13-25 


-  'J 

i 

■  -  '  ! 

Ideal  gas,  4-9  to  4-18,  4-22, 
4-23,  4-27,  4-33,  4-35, 
4-38,  4-39 
approximation ,  3  -  5  • 
behavior,  1-8  to  1-11,  1-19 
equation  of  state,  1-10, 

1-12  to  1-17,  4-9,  4-10, 
4-33,  4-38,  4-39,  6-22, 
6-33,  7-3,  7-5,  7-9,  9-7, 

9- 8,  9-14,  9-18,  9-19, 

10- 2,  10-3,  10-6,  10-17, 
10-18 

process,  1-12,  7-1  to  7-31 
relations,  9-1,  9-12,  9-19, 
10-4,  10-5,  10-13 
Impulse  stage  of  a  turbine, 

12-16,  12-17 

Incompressible  substance, 
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3-33,  4-30 

Internal  energy,  3-1,  3-4  to 

3- 16,  4-15,  4-32,  4-39, 

7-5,  7-6,  10-8,  10-10, 

11- 49 

relations,  6-14,  6-17,  6-18 
specific,  4-37,  4-40,  7-2 
Irradiance,  13-33 
Irradiation,  13-28 
Irreversibility,  5-6  to  5-13 
for  adiabatic  mixing 
process,  5-12 
for  ideal  gases,  5-10 
for  particular  processes, 

5- 8,  5-9,  5-11  to  5-13 
Irreversible  process,  3-47, 

4- 5,  4-9,  4-14,  4-18,  4-33, 
4-34,  4-36,  7-6,  7-7 

Isentropic: 

compression,  4-33,  8-18, 

9-3,  9-5,  9-6,  9-8,  9-10, 
9-14,  9-17  to  9-19,  9-34 
expansion,  4-32,  7-3,  9-2, 
9-8,  9-18,  9-22,  10-11, 

12- 11,  12-12,  12-16,  12-19 
process,  4-26,  4-33,  4-36, 
7-3,  7-9,  8-7,  8-18,  9-7, 

9- 8,  9-12  to  9-14,  9-24, 
12-3,  12-14 

relations,  4-27,  4-38,  4-39, 

10- 23 

Isobaric  process,  4-22,  7-4, 
7-19 

reversible,  7-4 
Isothermal: 

compressibility  coefficient, 

6- 36 

compressibility  factor,  6-3 
compression,  4-19 
expansion,  4-17  to  4-19 
process,  4-6,  7-5,  7-7, 

7- 18,  9-3  to  9-6,  9-23 
reversible  process,  3-47, 
4-17,  7-5,  7-6 


Joule -Thomson  coefficient, 
6-22,  6-23 

Joule’s  experiment,  3-16 


Kantorovitch  profile,  13-9 
Kelvin  temperature  scale,  1-5 
to  1-7 

Kirchoff  equation,  11-40 


Latent  heat: 

of  fusion,  4-5,  6-5,  11-17, 

11-18,  11-42 
of  vaporization,  11-44 
Law  of  additive  pressures, 

10-4 

Law  of  additive  volumes,  10-4 
Le  Chatelier’s  principle,  11-55 
Lewis-Randall  behavior,  11-59 
Linear  sensitivity  law,  13-8 
Lumped  parameter  analysis, 

13-10 


Mach  number,  12-2,  12-10, 
12-11 

Manometer,  1-2 

Mass  flow  rate,  4-35,  4-36, 

8- 27,  10-2,  10-30 
Maxwell  relations,  6-1,  6-15, 

6-17,  6-22 

Mean  effective  pressure,  9-3, 

9- 7,  9-8,  9-12,  9-14,  9-16, 
9-19 

Mercury- steam  power  plant, 
8-15 

Mixing  process,  3-13 
Molar  volume  relation,  6-29, 
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10-4 

Mole  fractions,  10-2,  10-3, 

10- 12,  10-23,  11-2,  11-7, 

11- 9,  11-14,  11-36 

of  vapors,  10-20,  11-4 
relations,  10-1,  10-3,  10-19 
Molecular  weight,  10-3,  10-7, 
10-12 

average,  10-1 
Mollier  diagram,  12-21 


Newton’s  law,  1-4 
Non-flow  process,  3-28 
Nozzle  flow,  3-43,  12-19  to 
12-22 

Nusselt  number,  13-13,  13-14, 
13-16,  13-18  to  13-21, 

13-25 


Open  system,  4-9 
Otto  cycle,  9-7  to  9-11 
Overall  heat  transfer 

coefficient,  13-1,  13-25 
Oxygen,  1-12,  1-17 


Partial  pressure,  3-30,  10-1, 

10- 2,  10-6,  11-2,  11-7, 

11- 23,  13-20 

of  vapors,  10-19,  10-20 
ratio,  10-11 
relation,  10-14 
Partial  volume,  10-1,  10-5 
Performance  coefficient,  9-33, 
9-34 

Phase  change  of  a  substance, 
6-4 


Piston-cylinder  arrangement, 
3-10,  3-11,  3-23,  3-26, 
3-28,  5-23 

Poly  tropic  process,  3-40, 

3-47,  4-10,  4-11,  7-1,  7-2, 
9-23 

Power,  3-31,  3-33,  3-40,  8-2 
maximum,  5-5 
minimum,  5-2 

Prandtl  number,  13-16,  13-18, 
13-19,  13-25 

Pressure,  1-1  to  1-4,  1-8, 

1-15 

absolute,  1-1,  1-13 
coefficient  of  diffusor, 

9-32 

critical,  1-9,  12-13,  12-19, 
12-20 

of  air  vapor  mixture,  10-18 
of  saturation,  1-8,  1-19, 
1-24,  4-6,  6-7,  10-18 
reduced,  1-9,  7-10,  7-16, 
7-22 

total,  10-2,  10-3 
Properties  of  pure  substances, 
1-20  to  1-24,  13-14 
Psychrometric  chart,  10-25 
to  10-33,  11-20 


Quality: 

determination  of,  1-18, 
1-20  to  1-24,  9-4,  9-5, 
12-21 


Radiation  heat  transfer,  13-27 
to  13-38 
Radiation: 

intensity,  13-28 
shape  factor,  13-31,  13-38 
Radiocity,  13-36 


97? 


Numbers  on  this  page  refer  to  PROBLEM  NUMBERS,  not  page  numbers 


Rankine  cycle, >  8-1  to  8-3 
Rankine  temperature  scale, r 

i  _  n 

1  i  v  .  , 

Raoult’s  law,  10-7  ; 

Rate  of  heat  addition,  10-12 
Rate  of  heat  generation,  13-18 
Rate  of  heat  transfer,  13-23  ■< 
Rayleigh  number,  13-16 
Real  gas,  1-9,  7-10  to, 7-27  t 
Reciprocity  theorem,  13-36, 
13-37  ' 

Redlich-Kwong  equation  of 
state,"  6-33 

Regenerative  cycle,  8-6  to  8-9 
Reheat  cycle,  8-4,  8-5 
Reheat  factor ^  12-14  * 

Relative  humidity,  10-28 
Resonance  energy,  11-11 
Reversible  adiabatic  process,  J; 
3-38,  4-7,  4-40,  5-10,  * 

7-11,  7-12,  8-17,  9-21, 

9-23  /  •  r  r  ’ 

Reversible  cycle',  4-3,  4-7 
Reversible  engine,  4-7  . 
Reversible  process,  3-28, 

3- 49,  4-7,  4-9,  4-11,  4-14, 

4- 19,  4-27  to  4-29,  4-31, 
4-34  to  4-37,  7-6,  7-7 

Reynold's  number,  13-19  to 
13-22,  13-24  to  13-26 
Ritz  profile,  13-9 


Saturated  liquid  j  1-18  L 
Saturated  vapor,  1-18 
Second  law  of  thermodynamics, 
4-1  to  4-43,  7-26 
Semi-infinite  medium,  13-2, 
13-7 

Shape  factor,  13-3,  13-32, 
13-37 

Solar  heat  transfer,  13-34 
Specific  heat,  4-5,  4-8,  4-10, 
4-14,  -4-22,  4-23,  4-35, 
4-39,  7-3,  7-4,  7-9,  7-10 


at  constant  pressure,  9-1,  - 

10- 8,  10-9,  10-10,  10-12 
at  constant  volume,  10-8 
to  10-10 

equation,  3-20  to  3-22 
relations,  6-20,  6-21,  6-24 
..  Spontaneous  reaction,  11-43 
States  of  substances,  1-8, 

1-9,  1-18,  1-19,  11-34 
Steady -state  heat  conduction, 
13-4 

Steady- state  steady-flow 
process,  3-31  to  3-44, 

4-27  to  4-39,  7-8,  7-9, 

7-21,  7-25,  10-12 
Steady- state  temperature 
distribution,  13-6 
Steam  tables,  1-9,  1-18,  1-19, 

I- 22,  12-1,  12-4,  12-16 
Stefan -Boltzmann  constant, 

13-16,  13-28,  13-30 
Stoichiometric: 

air,  11-8,  11-19,  11-22  to 

11- 24 

coefficient,  11-24,  11-53 
ratio,  11-57 

,  ,  Stoichiometry,  11-1,  11-7, 

II- 11,  11-14,  11-18,  11-21 
Stroke  volume,  9-8,  9-14, 

9-15,  9-19,  9-24  to  9-26 
Sublimation  line,  6-10 
Superheated  region,  1-18, 

1-20,  12-4 


Table  of  critical  constants, 
7-14,  7-25 

T-cubed  law  of  Debye,  11-28 
Temperature,  1-5  to  1-7,  1-24 
critical,  1-8,  1-9 
distribution,  13-2,  13-11 
equalization  process,  5-20 
of  saturation,  1-18,  1-24 
reduced,  1-9,  7-16,  7-22, 
13-26 
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Theoretical  air,  11-2,  11-3, 
11-5  to  11-7,  11-9,  11-21 
Thermal  conductivity,  13-3, 
13-6,  13-8,  13-10,  13-17, 
13-25,  13-35 

Thermal  efficiency,  9-1  to 
9-5,  9-7  to  9-10,  9-12  to 
9-19,  9-22,  9-29,  9-30 
Thermal  pressure  coefficient, 
11-33 

Thermal  resistance,  13-1, 

13-5 

Thermodynamic  probability: 
distribution  of  molecules, 
11-37 

Thermodynamic  scale: 

absolute,  4-2 
Throat  area,  12-11,  12-13 
Throat  velocity,  12-11,  12-20 
Throttling  process,  4-36,  5-6, 
6-23,  7-21,  8-20,  8-25 
Total  energy  change,  3-1, 
3-18,  3-22,  4-8 
Triple  point,  6-10 
Turbine  effectiveness,  5-22 


Van  der  Waals: 

constants,  6-30,  6-31 
equation  of  state,  6-18, 
6-26  to  6-33,  7-30,  10-4 
Van’t  Hoff  equation,  11-61 
Vapor  pressure,  10-16,  10-22, 
10-30,  10-32 


Vaporization  line,  6-10 
View  factor,  13-26,  13-36 
Viscous  drag,  13-26 
Volume,  1-13  to  1-16,  1-22  to 
1-24 

clearance,  9-14,  9-15, 
9-24,  9-25 
expansivity,  6-24 
ratio,  7-11 

specific,  1-14,  1-19,  1-21 
to  1-23,  4-14,  4-16,  4-28, 
4-40,  10-18,  12-5 
Von  Karman’s  relation: 

forced  convection,  13-24 


Wet  bulb  temperature,  10-16, 
10-22,  10-25,  10-32,  10-33 
Whirl  velocity,  12-18 
Work,  3-1,  4-1  to  4-3,  4-7, 
4-16,  4-22,  4-23,  7-9 
actual,  5-1 

for  ideal  gases,  3-26,  3-27 
heat,  3-28 
irreversible,  7-7 
minimum,  5-4 
of  compression,  3-6,  3-42 
of  shafts,  6-32,  6-34 
of  turbines,  3-38,  3-39, 
3-41,  8-1,  8-5 
potential,  5-14 
reversible,  7-7 
theoretical,  8-14 
total,  3-35,  3-36 
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